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Abstract 
■ Chapter 1.  We have developed the first enantioselective olefin metathesis reactions 
involving vinyl ethers, a notoriously difficult class of substrates.  Transformations take 
place in the presence of 5-20 mol % of chiral Mo diolate catalysts, delivering the 
products in up to 97:3 er.  The electron-rich nature of the vinyl ether allows for site-
selective functionalization of that olefin within the desymmetrized products, which 
contain two alkenes, providing a solution to the challenging problem of residual 
symmetry within such enantioenriched olefin metathesis products. 
 
 
■ Chapter 2.  In the course of a total synthesis of quebrachamine, we were faced with a 
late-stage enantioselective ring-closing metathesis that could not be promoted by any of 
the state-of-the-art chiral metathesis catalysts.  To overcome this deficiency, we designed 
and developed a new class of catalysts based on mechanistic and theoretical principles.  
The new catalysts contain a stereogenic metal center and display unprecedented levels of 
reactivity and selectivity in enantioselective olefin metathesis, enabling us to complete 
our planned synthesis of quebrachamine. 
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■ Chapter 3.  We have discovered that non-productive metathesis reactions with 
stereogenic-at-Mo catalysts, generated and used in situ as a mixture of diastereomers, are 
crucial to the efficiency and enantioselectivity of the ring-closing metathesis reactions.  
Specifically, our studies have indicated that the two diastereomers of catalyst are in rapid 
equilibrium due to non-productive metathesis with ethylene, generated as the desired 
ring-closing reaction proceeds, thereby establishing a reaction manifold that is under 
Curtin-Hammett control. 
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■ Chapter 4.  In our efforts to prepare air-stable precursors to stereogenic-at-Mo olefin 
metathesis catalysts, we have examined the addition of N,N-chelating ligands to Mo bis-
pyrrolide complexes.  Upon addition of 2,2′-bipyridyl to bis-dimethylpyrrolide Mo 
complexes, rather than the expected octahedral chelate, a five-coordinate monopyrrolide 
alkylidyne complex is generated.  The complex displays good air-stability and efficiently 
serves as a precursor to stereogenic-at-Mo alkylidene catalysts; several alkylidyne 
complexes have been prepared. 
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■ Chapter 5.  An enantioselective total synthesis of Aspidosperma alkaloid rhazinilam 
has been designed in order to test whether chiral olefin metathesis catalysts can control 
axial stereogenicity.  In the planned synthesis, ring-closing metathesis of the triene 
substrate would control the stereochemistry of the all-carbon quaternary center and the 
stereogenic axis concomitantly; hydrogenation would then deliver rhazinilam.  Several 
synthesis strategies towards the metathesis substrate are discussed. 
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Chapter One 
Mo-Catalyzed Enantioselective Ring-Closing Metathesis of Vinyl Ethers: 
Formation of Tertiary and All-Carbon Quaternary Stereogenic Centers1 
1.1 Introduction 
 The past several years have witnessed the emergence of olefin metathesis as a 
powerful method for C-C bond formation.2  Indeed, many chemists routinely turn to the 
reaction when developing a synthesis strategy.3  The success that olefin metathesis (and 
its derivative reactions) has enjoyed is primarily due to the development of well-defined 
catalysts (Appendices A and B, found at the conclusion of the chapter).2,4  The discovery 
of Ru carbenes and high oxidation state Mo and W alkylidenes of known structure has 
had an enormous impact on olefin metathesis and beyond.  Not only have these research 
efforts produced catalysts that are more reactive and functional group tolerant, but they 
have also provided us with invaluable insight into the mechanism of the reaction. 
With metal complexes of known structure, the ability to design ligands, which can 
improve reactivity and selectivity, is also greatly enhanced.  In the case of selectivity, 
there are two main areas where catalyst design may have an enormous impact: control of 
olefin stereochemistry and control of absolute stereochemistry of chiral molecules.  
Ironically, the more fundamental of the two, olefin stereochemistry, has seen little in the 
way of catalyst-imposed kinetic control through catalyst design.  Enantioselective olefin 
metathesis, however, has been a subject of intense interest, with mainly Mo- but also Ru-
catalyzed methods known.5 
                                                            
(1) Lee, A-L.; Malcolmson, S. J.; Puglisi, A.; Schrock, R. R.; Hoveyda, A. H. J. Am. Chem. Soc. 2006, 128, 
5153-5157. 
(2) Handbook of Metathesis; Grubbs, R. H., Ed.; Wiley-VCH: Weinheim, 2003. 
(3) (a) Deiters, A.; Martin, S. F. Chem. R ev. 2004, 104, 2199-2238. (b) Nicolaou, K. C.; Bulger, P. G.; 
Sarlah, D. Angew. Chem., Int. Ed. 2005, 44, 4490-4527.  
(4) Schrock, R. R.; Hoveyda, A. H. Angew. Chem., Int. Ed. 2003, 42, 4592-4633. 
(5) (a) “Catalytic Enantioselective Olefin Metathesis Reactions,” Hoveyda, A. H.; Malcolmson, S. J.; 
Meek, S. J.; Zhugralin, A. R. in Catalytic Asymmetric S ynthesis, Th ird Ed ition;  Ojima; I., Ed.; Wiley-
VCH: Weinheim, 2010; Chapter 8E, pp. 739-770. (b) “Catalytic Enantioselective Olefin Metathesis and 
Natural Product Synthesis,” Hoveyda, A. H.; Malcolmson, S. J.; Meek, S. J.; Zhugralin, A. R. in Metathesis 
in Natural Product Synthesis: Strategies, Substrates and Catalysts; Cossy, J.; Arseniyadis, S.; Meyer, C., 
Eds.; Wiley-VCH: Weinheim, 2010; Chapter 12, pp. 343-348. 
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  The fascination with controlling enantioselectivity in olefin metathesis partially 
stems from the fundamental process of the reaction: the rearrangement of alkenes, which 
are comprised of sp2-hybridized carbons.  For the majority of molecules, however, 
stereogenicity arises from sp3-hybridized atoms.  In fact, as exemplified in Scheme 1.1, 
the conversion of sp2-hybridized centers to sp3-hybridized centers has been a fundamental 
paradigm in enantioselective synthesis.  In this case, the chiral Rh catalyst must 
differentiate between the two enantiotopic faces (Re and Si) of achiral olefin 1.1; chiral 
carboxylic acid 1.2 is generated with high enantioselectivity en route to the rare amino 
acid (L)-DOPA, an important drug in the treatment of Parkinson’s disease.6  In an olefin 
metathesis reaction, an sp3-hybridized atom is not generated directly through the C-C 
bond formation.  Therefore, a different tactic must be employed for controlling absolute 
stereochemistry. 
 
 One possible strategy could involve kinetic resolution of a racemic mixture.7  As 
shown in Scheme 1.2, when racemic ether 1.3 is subjected to chiral Mo catalyst VIIIa, 
the faster-reacting (R)-enantiomer ring-closes at 23 times the rate of the (S)-enantiomer, 
which results in the isolation of furan 1.4 and (S)-1.3 in high enantiopurity.8  There are of 
course several drawbacks to kinetic resolution, the most obvious of which is that neither 
the starting material nor product can be obtained in high yield in enantiomerically 
                                                            
(6) Knowles, W. S. Acc. Chem. Res. 1983, 16, 106-112. 
(7) For reviews on non-enzymatic kinetic resolution, see: (a) Keith, J. M.; Larrow, J. F.; Jacobsen, E. N. 
Adv. Synth. Catal. 2001, 343, 5-26. (b) Vedejs, E.; Jure, M. Angew. Chem., Int. Ed. 2005, 44, 3974-4001. 
(8) La, D. S.; Alexander, J. B.; Cefalo, D. R.; Graf, D. D.; Hoveyda, A. H.; Schrock, R. R. J. Am. Chem. 
Soc. 1998, 120, 9720-9721. 
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enriched form.  An alternative approach would entail breaking the symmetry of an achiral 
molecule, a process known as desymmetrization.9  In such a case, an enantiomerically 
enriched product, such as 1.6, can be derived from a simple achiral precursor (1.5, 
Scheme 1.2).8 
Me
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Scheme 1.2 Enantioselective synthesis in olefin metathesis
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 While providing an elegant solution to the difficult issue of catalytic 
enantioselective olefin metathesis, desymmetrization may manifest additional problems 
downstream.  Principally, the diene product will contain a residual element of symmetry 
from the triene precursor (Scheme 1.2), which could cause differentiation of the two 
olefins within the product to be quite cumbersome.  This is particularly true when highly 
substituted olefins (such as in 1.5, Scheme 1.2) are required for an enantioselective 
process, as is the case in most Ru-catalyzed ring-closing metathesis (RCM) reactions.5a,10  
Although less-substituted alkenes may be employed in Mo-catalyzed enantioselective 
RCM, reducing the difficulty with which selective functionalizations of one olefin within 
the diene product can be prepared, achieving perfect chemoselectivity might still be 
challenging.  This difficulty may be unique to olefin metathesis due to the rearrangement 
                                                            
(9) For an overview of desymmetrization reactions for enantioselective synthesis, see: Willis, M. C. J. 
Chem. Soc., Perkin Trans. 1 1999, 1765-1784. 
(10) (a) Seiders, T. J.; Ward, D. W.; Grubbs, R. H. Org. Lett. 2001, 3, 3225-3228. (b) Van Veldhuizen, J. 
J.; Gillingham, D. G.; Garber, S. B.; Kataoka, O.; Hoveyda, A. H. J. Am. Chem. Soc.  2003, 125, 12502-
12508. (c) Funk, T. W.; Berlin, J. M.; Grubbs, R. H. J. Am. Chem. Soc. 2006, 128, 1840-1846. 
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nature of the reaction: in few chemical transformations is the functional group in the 
product identical to that in the starting material. 
 We considered that one way to overcome residual symmetry would be to 
differentiate the two olefins of the product electronically (Scheme 1.3).  Thus, if G in 
triene A were to render the terminal olefin more electron-rich or electron-poor than the 
enantiotopic disubstituted olefins, the electronic properties of the terminal alkene would 
be translated to the cyclic olefin in B.  The distinguished olefins in B might allow for a 
site-selective functionalization of the cyclic olefin to generate a product such as C.  We 
reasoned that a vinyl ether (also called an enol ether) might function in this capacity (G = 
O in A, Scheme 1.3): an enol ether is more electron-rich than an alkyl-substituted alkene 
due to a highly polarized resonance structure (Scheme 1.3).  Consequently, we sought to 
develop an enantioselective RCM of vinyl ethers. 
 
1.2 Utility of vinyl ethers in chemical synthesis 
 Enol ethers are not merely a convenient potential solution to the difficulties 
associated with residual symmetry within olefin metathesis products.  Vinyl ethers are 
proven synthons for a range of useful chemical reactions, two of which are depicted in 
Scheme 1.4.   
The Mukaiyama aldol process is perhaps the most well known reaction involving 
vinyl ethers.  In this procedure, a silyl enol ether serves as the nucleophile in a Lewis 
acid-promoted addition to an aldehyde, circumventing the need for strongly basic 
conditions.  In 2004, MacMillan and coworkers employed a Mukaiyama aldol reaction in 
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the synthesis of several natural sugars.11  Silyl enol ether 1.8 adds to highly base sensitive 
aldehyde 1.7 in the presence of MgBr2·OEt2 to deliver intermediate aldehyde 1.9, which 
is isolated as protected pyranose 1.10, a precursor to mannose. 
Enol ethers may also participate in inverse electron demand Diels-Alder reactions 
due to their electron-rich nature.  In 2002, the Jacobsen group reported an 
enantioselective Cr-catalyzed hetero-Diels-Alder reaction between α,β-unsaturated 
aldehydes and ethyl vinyl ether; acetals, such as 1.11, are obtained with high diastereo- 
and enantioselectivity.12 
 
1.3 Examples of enol ether metathesis 
 Despite the speed and efficiency with which highly functionalized enol ethers 
could be accessed through olefin metathesis, the reaction has received relatively little 
attention.  On subjection to an enol ether, such as ethyl vinyl ether (Scheme 1.5), metal 
carbenes and alkylidenes react to form a more stable Fischer-type carbene; in general, 
Fischer carbenes do not participate in olefin metathesis.13  For example, ethyl vinyl ether 
                                                            
(11) Northrup, A. B.; MacMillan, D. W. C. Science 2004, 305, 1752-1755. 
(12) Gademann, K.; Chavez, D. E.; Jacobsen, E. N. Angew. Chem., Int. Ed. 2002, 41, 3059-3061. 
(13) For a rare example of a Fischer carbene initiating an olefin metathesis reaction, see: Katz, T. J.; Acton, 
N. Tetrahedron Lett. 1976, 17, 4251-4254. 
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is often employed to terminate Ru-catalyzed ring-opening metathesis polymerizations 
(ROMP).14  Additionally, detailed studies have revealed that for heteroatom-substituted 
Ru carbenes, those which bear an O substituent are the least reactive.15 
 
   In spite of the potential aforementioned difficulty, there have been a number of 
reports of vinyl ether metathesis with the more reactive Mo-based alkylidenes, as well as 
a growing number with Ru-based carbenes.  In 1994, the Grubbs group reported the first 
successful RCM involving a vinyl ether.16  Disubstituted enol ether 1.12 reacts with a 
terminal aliphatic olefin to deliver unsaturated furan 1.13 in the presence of Mo catalyst I 
(Scheme 1.6).  A number of five- and six-membered ring cyclic ethers could be 
generated; in all cases, the enol ether was the more substituted alkene of the diene 
substrate, likely directing catalyst initiation to the more accessible olefin, thereby 
avoiding the formation of a Fischer-type carbene.  Subsequently, Sturino and coworkers 
disclosed the first successful application of Ru carbenes to enol ether RCM (e.g., 1.14 to 
1.15, Scheme 1.6), although substrate scope was limited and yields moderate.17  The 
Clark group has investigated vinyl ether RCM as a method directed toward the synthesis 
of ladder polycyclic ethers.18  In their studies, the yields were highest when the vinyl 
ether was less substituted than the pendant aliphatic olefin (1.16, Scheme 1.6).  Mo-based 
complex I catalyzes the formation of pyran 1.17 in 93% yield, whereas Ru-based 
catalysts fail to deliver any product.  Postema and coworkers have also utilized Mo-
catalyzed enol ether RCM in the preparation of C-disaccharides (1.19).19,20 
                                                            
(14) (a) Weck, M.; Mohr, B.; Maughon, B. R.; Grubbs, R. H. Macromolecules 1997, 30, 6430-6437. (b) 
Maynard, H. D.; Grubbs, R. H. Macromolecules 1999, 32, 6917-6924. 
(15) Louie, J.; Grubbs, R. H. Organometallics 2002, 21, 2153-2164. 
(16) Fujimura, O.; Fu, G. C.; Grubbs, R. H. J. Org. Chem. 1994, 59, 4029-4031. 
(17) Sturino, C. F.; Wong, J. C. Y. Tetrahedron Lett. 1998, 39, 9623-9626. 
(18) Clark, J. S.; Kettle, J. G. Tetrahedron 1999, 55, 8231-8248. 
(19) Liu, L.; Postema, M. H. D. J. Am. Chem. Soc. 2001, 123, 8602-8603. 
(20) For additional examples of enol ether RCM, see: (a) Baylon, C.; Heck, M-P.; Mioskowski, C. J. Org. 
Chem. 1999, 64, 3354-3360. (b) Postema, M. H. D.; Calimente, D.; Liu, L.; Behrmann, T. L. J. Org. Chem. 
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Scheme 1.6 Early efforts towards catalytic RCM of enol ethers
Grubbs et al. JOC 1994
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2000, 65, 6061-6068. (c) Heck, M-P.; Baylon, C.; Nolan, S. P.; Mioskowski, C. Org. Lett. 2001, 3, 1989-
1991. (d) Okada, A.; Ohshima, T.; Shibasaki, M. Tetrahedron Lett. 2001, 42, 8023-8027. (e) Arisawa, M.; 
Theeraladanon, C.; Nishida, A.; Nakagawa, M. Tetrahedron Lett.  2001, 42, 8029-8033. (f) Rainier, J. D.; 
Allwein, S. P.; Cox, J. M. J. Org. Chem. 2001, 66, 1380-1386. (g) Postema, M. H. D.; Piper, J. L.; Liu, L.; 
Shen, J.; Faust, M.; Andreana, P. J. Org. Chem. 2003, 68, 4748-4754. (h) Hekking, K. F. W.; van Delft, F. 
L.; Rutjes, F. P. J. T. Tetrahedron 2003, 59, 6751-6758. (i) Peczuh, M. W.; Snyder, N. L. Tetrahedron Lett. 
2003, 44, 4057-4061. (j) Zhang, S.; Reith, M. E. A.; Dutta, A. K. Bioorg. Med Chem. Lett. 2003, 13, 1591-
1595. (k) Zhang, S.; Zhen, J.; Reith, M. E. A.; Dutta, A. K. Bioorg. Med. Chem. 2004, 12, 6301-6315. (l) 
Adam, J-M.; de Fays, L.; Laguerre, M.; Ghosez, L. Tetrahedron 2004, 60, 7325-7344. (m) Peczuh, M. W.; 
Snyder, N. L.; Fyvie, W. S. Carb. Res.  2004, 339, 1163-1171. (n) DeMatteo, M. P.; Mei, S.; Fenton, R.; 
Morton, M.; Baldisseri, D. M.; Hadad, C. M.; Peczuh, M. W. Carb. R es. 2006, 341, 2927-2945. (o) 
Donohoe, T. J.; Fishlock, L. P.; Lacy, A. R.; Procopiou, P. A. Org. Lett. 2007, 9, 953-956. (p) Markad, S. 
D.; Xia, S.; Snyder, N. L.; Surana, B.; Morton, M. D.; Hadad, C. M.; Peczuh, M. W. J. Org. Chem. 2008, 
73, 6341-6354. (q) Fuwa, H.; Sasaki, M. Org. Lett.  2008, 10, 2549-2552.  For examples of 
enamine/enamide RCM, see: (r) Kinderman, S. S.; van Maarseveen, J. H.; Schoemaker, H. E.; Hiemstra, 
H.; Rutjes, F. P. J. T. Org. Lett. 2001, 3, 2045-2048. (s) Arisawa, M.; Terada, Y.; Nakagawa, M.; Nishida, 
A. Angew. Chem., Int. Ed. 2002, 41, 4732-4734. (t) Katz, J. D.; Overman, L. E. Tetrahedron 2004, 60, 
9559-9568. (u) Bennasar, M-L.; Roca, T.; Monerris, M.; García-Díaz, D. Tetrahedron Lett. 2005, 46, 4035-
4038. (v) Bennasar, M-L.; Roca, T.; Monerris, M.; García-Díaz, D. J. Org. Che m. 2006, 71, 7028-7034. 
(w) Toumi, M.; Couty, F.; Evano, G. J. Org. Chem. 2008, 73, 1270-1281. (x) Toumi, M.; Rincheval, V.; 
Young, A.; Gergeres, D.; Turos, E.; Couty, F.; Mignotte, B.; Evano, G. Eur. J . Org. Chem. 2009, 3368-
3386. (y) Kasaya, Y.; Hoshi, K.; Terada, Y.; Nishida, A.; Shuto, S.; Arisawa, M. Eur. J. Org. Chem. 2009, 
4606-4613. (z) Van, H. T. M.; Yang, S. H.; Khadka, D. B.; Kim, Y-C.; Cho, W-J. Tetrahedron 2009, 65, 
10142-10148. 
Chapter 1 
 Page 8 
 Prior to the studies of Clark and coworkers, K. C. Nicolaou’s group also took 
advantage of vinyl ether olefin metathesis in studies directed towards a synthesis of 
maitotoxin, the largest member of the ladder polycyclic ether family of natural 
products.21  It is well established that thermal decomposition of Tebbe’s reagent (Scheme 
1.7) leads to the formation of a Cp2Ti methylidene complex, which, in the presence of an 
ester, may deliver a 1,1-disubstituted vinyl ether and Cp2Ti=O.22  It had also been 
demonstrated that Ti alkylidenes promote olefin metathesis reactions.23  Combining the 
two transformations, Nicolaou and coworkers subjected ester 1.20 to four equivalents of 
Tebbe’s reagent at elevated temperature, ultimately delivering tricyclic 1.22 in 71% yield, 
presumably through the intermediacy of vinyl ether 1.21. 
 
 Enol ether RCM has also been used in other natural product syntheses.  Williams 
and coworkers successfully employed Ru catalyst III in the ring-closure of vinyl ether 
1.23, prepared through a Brown crotylation, to furnish furan 1.24 (Scheme 1.8).  The 
furan was elaborated to allylic carbamate 1.25 en route to lankacyclinol.24 
                                                            
(21) (a) Nicolaou, K. C.; Postema, M. H. D.; Claiborne, C. F. J. Am. Chem. Soc. 1996, 118, 1565-1566. (b) 
Nicolaou, K. C.; Postema, M. H. D.; Yue, E. W.; Nadin, A. J. Am. Chem. Soc. 1996, 118, 10335-10336. 
(22) (a) Tebbe, F. N.; Parshall, G. W.; Reddy, G. S. J. Am. Chem. Soc . 1978, 100, 3611-3613. (b) Pine, S. 
H.; Zahler, R.; Evans, D. A.; Grubbs, R. H. J. Am. Chem. Soc. 1980, 102, 3270-3272. 
(23) (a) Howard, T. R.; Lee, J. B.; Grubbs, R. H. J. Am. Chem. Soc. 1980, 102, 6876-6878. (b) Stille, J. R.; 
Grubbs, R. H. J. Am. Chem. Soc. 1986, 108, 855-856. 
(24) Williams, D. R.; Cortez, G. S.; Bogen, S. L.; Rojas, C. M. Angew. Chem., Int. Ed. 2000, 39, 4612-
4615. 
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Scheme 1.8 Total synthesis of lankacyclinol utilizing enol ether RCM
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 The Roush group has utilized the RCM of a vinyl ether in a synthesis of the 
spirocyclic core of spongistatin 1 (Scheme 1.9).25  Subjection of 1.26 to N-heterocyclic 
carbene (NHC)-containing Ru catalyst IV delivers functionalized pyran 1.27 in 81% 
yield, which can be further elaborated to spirocycle 1.28.26 
Scheme 1.9 Synthesis of the spirocyclic fragment of spongistatin 1
Roush et al. Org. Lett. 2002
PMBO O
MePMBOTBSO OTBS
BnO
18 mol %
OPMBO
TBSO OTBS
C6H6, 40 °C, 2 h
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81% yield
O
O
OPMB
PMBO
OMe
Ru
Cl
ClPh
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NMesMesN
IV
1.26
1.271.28 OBn
 
                                                            
(25) Holson, E. B.; Roush, W. R. Org. Lett. 2002, 4, 3719-3722. 
(26) For additional examples of enol ether RCM in the synthesis of complex molecules, see: (a) Hodgson, 
D. M.; Foley, A. M.; Boulton, L. T.; Lovell, P. J.; Maw, G. N. J. Chem. Soc., Perkin Trans. 1 1999, 2911-
2922. (b) Gurjar, M. K.; Krishna, L. M.; Reddy, B. S.; Chorghade, M. S. Synthesis 2000, 557-560. (c) 
Oliver, S. F.; Högenauer, K.; Simic, O.; Antonello, A.; Smith, M. D.; Ley, S. V. Angew. Chem., Int. Ed.  
2003, 42, 5996-6000. (d) Taillier, C.; Gille, B.; Bellosta, V.; Cossy, J. J. Org. Chem. 2005, 70, 2097-2108. 
(e) Hekking, K. F. W.; Moelands, M. A. H.; van Delft, F. L.; Rutjes, F. P. J. T. J. Org. Che m.  2006, 71, 
6444-6450. (f) Fuwa, H.; Naito, S.; Goto, T.; Sasaki, M. Angew. Chem., Int. Ed. 2008, 47, 4737-4739. 
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 In addition to diene metathesis, other closely related methods have been 
developed for the preparation of cyclic vinyl ethers.  The Clark group has reported an 
enyne ring-closing metathesis of ynol ether derivatives, such as 1.29 (Scheme 1.10), 
catalyzed by Ru complex III in the presence of ethylene.27  Electron-rich diene 1.30 may 
be prepared in 65% yield in this manner.  The Snapper group has demonstrated an 
RCM/olefin isomerization strategy for synthesis of cyclic enol ethers.28  Thus, allylic 
ether 1.31 undergoes ring-closure in the presence of Ru-based IV to deliver intermediate 
1.32, which is not isolated; rather, in the same pot, the atmosphere is exchanged for a 
95:5 N2:H2 mixture, ultimately leading to cyclic vinyl ether 1.33.  Formation of the least-
substituted enol ether is preferred; furthermore, enantioenriched starting materials do not 
undergo enantiomerization under the reaction conditions. 
 
 Other than RCM, few olefin metathesis methods involving vinyl ethers have been 
disclosed.  Rainier and coworkers have developed ring-opening cross-metathesis 
(ROCM) of strained oxa- and aza-bicycles with vinyl acetate or ethyl vinyl ether.29  As 
shown in Scheme 1.11, ROCM of oxabicycle 1.34 with vinyl acetate delivers furan 1.35a 
in 61% yield as a 1:1 mixture of E:Z isomers; remarkably, the product is obtained as a 
                                                            
(27) Clark, J. S.; Trevitt, G. P.; Boyall, D.; Stammen, B. Chem. Commun. 1998, 2629-2630. 
(28) Sutton, A. E.; Seigal, B. A.; Finnegan, D. F.; Snapper, M. L. J. Am. Chem. Soc. 2002, 124, 13390-
13391. 
(29) (a) Weeresakare, G. M.; Liu, Z.; Rainier, J. D. Org. Lett. 2004, 6, 1625-1627. (b) Liu, Z.; Rainier, J. D. 
Org. Lett. 2005, 7, 131-133. 
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single regioisomer through a proposed directing effect involving the sulfone moiety.  
With ethyl vinyl ether as cross partner, 1.35b is obtained in a much higher yield, again as 
an E:Z mixture and single regioisomer.  Enamides are also competent cross partners: 1.36 
is isolated in 62% yield as the E isomer only, likely due to the steric bulk of the 
butyrolactam.  Strained azabicycles react to deliver pyrrolidines, such as 1.37; 
additionally, carboxylic esters also serve as efficient directing groups in the ROCM 
(1.38).  In all cases, the product is obtained with >98% regioselectivity. 
 
 The Diver group has disclosed the first examples of cross-metathesis (CM) 
involving enol ethers (Scheme 1.12).30  Alkynes, such as benzoyl-protected propargyl 
alcohol, may participate in an enyne CM with vinyl acetate or ethyl vinyl ether to yield 
electron-rich 1,3-dienes 1.39a and 1.39b, respectively; in general, the yields are 
excellent, but as in Rainier’s ROCM, E:Z selectivities are poor.  An olefin CM with an 
enol ether has yet to be disclosed. 
 
 
 
                                                            
(30) Giessert, A. J.; Snyder, L.; Markham, J.; Diver, S. T. Org. Lett. 2003, 5, 1793-1796. 
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1.4 Methods for preparing enol ether substrates 
 Although a number of simple vinyl ethers, such as ethyl or n-butyl vinyl ether, are 
commercially available, the class of enol ether substrates for our study must be 
synthesized.  There are a number of methods that exist for preparing vinyl ethers, which 
can be divided, predominantly, into two classes of reactions: olefination of carboxylic 
esters and vinyl transfer reactions.  For the former, Tebbe,22a Petasis,31 and Takai32 
olefinations are standard reactions in modern chemical synthesis, all of which are driven 
by the formation of a titanium-oxo complex; however, these reactions are stoichiometric 
in Ti and reagents may be difficult to handle and/or prepare. 
 For vinyl transfer reactions, a mercury-catalyzed procedure for vinylating 
alcohols in the presence of ethyl vinyl ether has been known for 50 years;33 the reaction is 
an equilibrium, driven towards formation of the desired enol ether product by the large 
excess of ethyl vinyl ether employed.  Recently, a more benign Pd-catalyzed version of 
the transformation has been developed with n-butyl vinyl ether (BVE) as the super-
stoichiometric source of the vinyl group (Scheme 1.13).34  We were attracted to this 
method as it avoids the use of toxic metals, employs a small amount of a relatively 
inexpensive catalyst, and the reagents can be easily handled.  Thus in the presence of 0.5 
mol % Pd bis-(trifluoroacetate) and 0.5 mol % 4,7-diphenyl-1,10-phenanthroline, 
secondary alcohol 1.40 may be transformed to vinyl ether 1.41 in 89% yield.  There are, 
however, some drawbacks to the Pd-catalyzed method: (1) most tertiary alcohols do not 
react in the present catalytic system and (2) although the reaction equilibrium may be 
driven towards product by employing an excess of BVE, the relative energies of the 
products and starting materials have a large influence on the yield.35 
                                                            
(31) Petasis, N. A.; Bzowej, E. I. J. Am. Chem. Soc. 1990, 112, 6392-6394. 
(32) Okazoe, T.; Takai, K.; Oshima. K.; Utimoto, K. J. Org. Chem. 1987, 52, 4410-4412. 
(33) (a) Watanabe, W. H.; Conlon, L. E. J. Am. Chem. Soc. 1957, 79, 2828-2833. (b) Lüssi, H. Helv. Chim. 
Acta 1966, 49, 1681-1684. 
(34) Bosch, M.; Schlaf, M. J. Org. Chem. 2003, 68, 5225-5227. 
(35) For alternative vinyl transfer methods to prepare enol ethers, see: (a) Blouin, M.; Frenette, R. J. Org. 
Chem. 2001, 66, 9043-9045. (b) Okimoto, Y.; Sakaguchi, S.; Ishii, Y. J. Am. Chem. Soc. 2002, 124, 1590-
1591. 
Chapter 1 
 Page 13 
 
1.5 Substrate classes examined for enantioselective RCM of vinyl ethers 
 To initiate our study, a number of structurally distinct enol ethers were examined 
with a range of chiral catalysts (Figure 1.1).  Ring-closures of substrates which bear two 
1,1-disubstituted vinyl ethers (e.g., 1.42), such that the catalyst likely initiates at the less-
hindered allyl group, are not enantioselective (<65:35 er is obtained with all catalysts 
screened).  Furthermore, bis-enol ether 1.42 required a lengthy synthesis (seven steps), 
detracting from the appeal of the protocol.  Kinetic resolutions of secondary vinyl ethers, 
such as 1.43 are entirely non-selective.  Fortunately, desymmetrization reactions 
involving terminal enol ethers, such as 1.44, proved to be highly enantioselective. 
 
1.6 Comparison of the relative reactivity of achiral catalysts for the RCM of vinyl 
ethers 
 We next investigated the facility with which achiral Mo- and Ru-based catalysts 
promote the RCM of vinyl ethers to access products that contain either tertiary or 
quaternary stereogenic centers (Table 1.1).  With 5 mol % Mo complex I, there is >98% 
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conversion to furan 1.45 in 3 h (entry 1); under the same reaction conditions, Ru-based 
catalysts IV and VIa fail to deliver the product, even with prolonged reaction times 
(entries 2 and 6).  Upon heating to 65 °C, reaction of 1.44 with phosphine-containing IV 
is still sluggish (19% conversion in 1 h, entry 3), but with extended reaction times the 
transformation proceeds to near completion (entry 5).  In contrast, phosphine-free VIa 
readily promotes the RCM of 1.44 at 65 °C (88% conversion in 1 h, entry 7).  Likely, in 
the case of complex IV, phosphine coordination to the resulting Fischer carbene further 
inhibits the already reluctant reaction. 
 The situation is slightly different for substrates that contain an all-carbon 
quaternary center.  Once more, Mo-based catalyst I readily promotes the RCM of the 
vinyl ether (86% conversion of 1.46a in 1 h, entry 8).  Phosphine-containing Ru complex 
IV struggles to produce pyran 1.47a at 22 °C (entry 9), yet is much more efficient than in 
the ring-closure of 1.44 (compare to entry 2) and proceeds to completion within just one 
hour at 65 °C (entry 10), in sharp contrast to the 14 h required for the synthesis of furan 
1.45 (entry 5).  RCM of 1.46a is more efficient with styrene-ether catalyst VIa (92% 
conversion in 1 h at 22 °C), especially compared to the corresponding reaction of 1.44 
(<2% conversion after 14 h, entry, 6).  Although the stark differences outlined in Table 
1.1 between the reactions of substrates 1.44 and 1.46a may be derived in part from the 
facility of six- versus five-membered ring-closures, it is more likely that conformational 
constraint imposed by the quaternary carbon center in 1.46a plays the dominant role for 
enhanced reactivity (Thorpe-Ingold effect). 
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1.7 Enantioselective RCM of vinyl ethers 
 We then turned our attention to the state-of-the-art chiral Mo- and Ru-based 
catalysts for enantioselective RCM, first examining substrates that would generate 
tertiary stereogenic centers.  Several five- and six-membered ring cyclic enol ethers can 
be generated with varying degrees of enantioselectivity (Table 1.2).  Substrates bearing 
enantiotopic 1,1-disubstituted olefins deliver the highest selectivity, although, in all cases, 
high catalyst loadings (5-20 mol % X) and/or long reaction times (6-24 h) are required 
(entries 1-3); to obtain 1.48 in a synthetically useful yield, elevated temperature is needed 
(60 °C).  Interestingly, chiral Mo-binaphtholate complex X is not only the best catalyst 
for the above-described reactions, it is the only catalyst capable of delivering the cyclic 
ethers: all other chiral Mo- and Ru-based complexes result in <2% conversion of the 
terminal vinyl ether. 
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Table 1.2 Enantioselective synthesis of tertiary carbon stereogenic centersa
Me MeO O
Me
Me
1.44 1.45
entry substrate product temp (°C);
time (h)
conv (%)b;
yield (%)c
a All reactions performed under an atmosphere of dry N2 in C6H6 unless otherwise noted. b Conversion to the desired product based on
400 MHz 1H NMR analysis of unpurified mixtures. c Yield of isolated product after purification. d Determined by GLC analysis. e Et2O as
solvent. f n-Pentane as solvent. g Lower yield due to product volatility. h Lower conversion (68%) but identical er observed at 22 °C.
catalyst;
mol %
er (%)d
n-hex n-hex
O O
n-hex1.53 1.54
O O
1.51 1.52
n-hex n-hex n-hex
Me Me
O
1.49
O
1.41
Me Me
O
Me
Me
1.48
O
Me
Me
1.50
1e
2f
3
4
5
X; 10
X; 5
X; 20
VIIIb; 10
VIIIa; 20
22; 6
60; 24
22; 24
60; 20h
22; 19
90; 70g
>98; >98
80; 40g
86; 80
90; 80
95:5
91.5:8.5
95:5
70.5:29.5
81:19
 
 In contrast, enol ethers 1.51 and 1.53, bearing E and Z 1,2-disubstituted 
enantiotopic olefins, respectively, undergo ring-closure much less enantioselectively; the 
optimal results are highlighted in Table 1.2 (entries 4-5).  Perhaps not surprisingly, triene 
1.51, containing the less reactive E-olefins, requires 10 mol % VIIIb for 20 hours at 60 
°C in order to obtain 86% conversion to furan 1.52 (80% yield, 70.5:29.5 er).  The RCM 
of Z-olefin-containing 1.53 is somewhat more facile: 20 mol % VIIIa is needed to obtain 
90% conversion to furan 1.54 (80% yield, 81:19 er) after 19 hours at 22 °C. 
For all reactions depicted in Table 1.2, ring-closure is likely retarded by the 
formation of a more stable Fischer-type carbene (Section 1.3).  It is also possible that the 
prolonged lifetime of such a poorly reactive intermediate, which might be prone to 
decomposition, may lead to a significant diminution of active catalyst concentration; 
however the slow rate of RCM from the proposed Fischer carbene-type intermediate does 
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not lead to a significant amount of side reactions.  In other enantioselective RCM 
reactions, homodimerization of the substrate through cross-metathesis of the terminal 
olefin can be observed if the RCM is not facile.36  Enol ethers, however, are not capable 
of undergoing homodimerization through an olefin metathesis mechanism.37 
Another interesting attribute of the data described in Table 1.2 is that, unlike with 
substrates bearing 1,1-disubstituted olefins (entries 1-3), which only undergo productive 
reaction with Mo complex X, a variety of Mo-based catalysts are capable of promoting 
the RCM of substrates bearing 1,2-disubstituted olefins (entries 4-5) and varying levels of 
enantioselectivity are achieved (Table 1.3; for catalyst structures, see Appendix B).  
These data demonstrate that minor changes to the structure of a catalyst may affect the 
interaction with a substrate to a significant degree, highlighting the need for a family of 
related catalysts. 
 
 The structure of vinyl ether 1.49 (Table 1.2, entry 3) led us to consider replacing 
the methine proton α to the oxygen with a carbon substituent; enantioselective RCM of 
such a compound would deliver an O-heterocycle bearing an all-carbon quaternary 
stereogenic center.  Controlling the stereochemistry of an all-carbon quaternary 
                                                            
(36) For an example, see: Zhu, S. S.; Cefalo, D. R.; La, D. S.; Jamieson, J. Y.; Davis, W. M.; Hoveyda, A. 
H.; Schrock, R. R. J. Am. Chem. Soc. 1999, 121, 8251-8259. 
(37) Although vinyl ethers are not mentioned specifically, for a discussion of this concept, see: Chatterjee, 
A. K.; Choi, T-L.; Sanders, D. P.; Grubbs, R. H. J. Am. Chem. Soc. 2003, 125, 11360-11370. 
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stereogenic center had never before been examined in a catalytic enantioselective olefin 
metathesis reaction.38 
 As in the reactions to form tertiary stereogenic centers (Table 1.2), high catalyst 
loadings and prolonged reaction times (15 mol % Mo catalyst X, 15-20 hours) are 
required for the formation of quaternary carbon centers (Table 1.4).  Under these 
conditions, cyclohexyl-containing pyran 1.56 could be obtained in 84% yield but only 
61.5:38.5 er (entry 1).  In contrast, enantioselectivity is greatly improved (91.5:8.5-
93.5:6.5 er, entries 2-4) when the cyclohexyl group is exchanged for an aryl group (sp2- 
rather than sp3-hybridized carbon α to the quaternary carbon).  With ester-containing 
vinyl ether 1.57, a substrate which also bears an sp2-hybridized carbon α to the 
quaternary carbon, pyran 1.58 can be generated in 97:3 er (entry 5); however, the RCM 
of carbamate 1.59, with an sp2-hybridized nitrogen atom adjacent to the quaternary 
carbon, is only moderately selective (77:23 er, entry 6).  As was observed with enol 
ethers 1.41, 1.44, and 1.49 (Table 1.2), complex X is the only Mo-based catalyst capable 
of promoting RCM of the substrates in Table 1.4.  Although chiral Ru complexes XVIa-b 
and XVIIa-b are competent catalysts for the RCM reactions illustrated in Table 1.4 at 65 
°C, they are non-enantioselective (<55:45 er).39 
                                                            
(38) Quaternary Stereocenters: Challenges and Solutions for Organic Synthesis; Christophers, J.; Baro, A., 
Eds.; Wiley-VCH: Weinheim, 2006. 
(39) For catalyst screening data in the RCM to produce pyran 1.47a, see Table 1.5 in the experimental 
section (1.11). 
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Table 1.4 Enantioselective synthesis of all-carbon quaternary stereogenic centersa
entry substrate product temp (°C);
time (h)
conv (%)b;
yield (%)c
a All reactions performed under an atmosphere of dry N2 in C6H6. b Conversion to the desired product based on 400 MHz 1H NMR analysis of
unpurified mixtures. c Yield of isolated product after purification. d Determined by GLC or HPLC analysis.
catalyst;
mol %
erd
1
2
3
4
5
6
X; 15 22; 15
22; 20
22; 19
22; 18
22; 17
22; 19
85; 84
>98; 96
>98; 97
91; 91
>98; 94
>98; 97
61.5:38.5
93.5:6.5
92.5:7.5
91.5:8.5
97:3
77:23
O
Me
Ar
Me Me
O
Ar
Me
O
Me
Cy
1.56
Me Me
O
Cy
Me
1.55
O
Me
CO2Me
Me Me
O
CO2Me
Me
O
Me
NHCbz
Me Me
O
NHCbz
Me
1.47a Ar = C6H5
1.47b Ar = p-OMeC6H4
1.47c Ar = p-BrC6H4
X; 15
X; 15
X; 15
X; 15
X; 15
1.471.46
1.581.57
1.601.59
 
1.8 Proof of absolute stereochemistry and mechanistic model 
 In order to develop a working model for the enantioselective RCM of the enol 
ether substrates, we first had to establish the absolute stereochemistry of the products 
obtained.  We decided to determine the stereochemistry of both a product containing a 
tertiary stereogenic center and one bearing a quaternary stereogenic center.  Thus, as 
shown in Scheme 1.14, ent-1.45, the product obtained with the enantiomer of Mo catalyst 
X, can be subjected to a Sharpless dihydroxylation40 followed by sodium periodate 
cleavage of the resulting diol to furnish formate 1.61.  The ester is then hydrolyzed with a 
half-saturated solution of ammonia in methanol followed by hydrogenation of the olefin 
to deliver β-hydroxyketone 1.62.  The stereochemistry can then be correlated with that of 
the product obtained from a proline-mediated aldol reaction41 (Scheme 1.14) and with 
                                                            
(40) For a more detailed discussion, see section 1.9. 
(41) List, B.; Pojarliev, P.; Castello, C. Org. Lett. 2001, 3, 573-575. 
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that previously obtained by enantioselective olefin metathesis in our laboratory.42  The 
stereochemistry of cyclic enol ether 1.58 (Table 1.4) was determined by X-ray 
crystallographic analysis of its p-bromobenzoate derivative 1.63 (Scheme 1.14).  The 
stereochemistry of all other compounds is inferred from these data.43 
 
 Based on the absolute configuration of 1.45 and 1.58, we propose the 
stereochemical models shown in Figure 1.2.  On initiation of vinyl ether 1.44 with Mo 
complex X, a Fischer carbene-type complex will be generated; the catalyst might then 
react through the more Lewis acidic anti-alkylidene isomer to coordinate one of the 
pendant olefins to the sterically more exposed C-N-O face of the trigonal prism, as in 
structure A.  Cycloaddition, followed by productive retro-[2+2] and product dissociation 
would then deliver the observed enantiomer of 1.45.  Coordination of the other 
diastereotopic olefin (structure B) is largely disfavored by the highlighted syn-pentane 
interaction.  Substrates lacking the internal methyl group of the enantiotopic olefins, such 
                                                            
(42) See the supporting information in Kiely, A. F.; Jernelius, J. A.; Schrock, R. R.; Hoveyda, A. H. J. Am. 
Chem. Soc. 2002, 124, 2868-2869. 
(43) It is important to note, however, that subtle variations can lead to reversal of the identity of the major 
product enantiomer.  In case of application to total synthesis, rigorous determination of the identity of the 
major enantiomer is thus warranted. 
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as 1.51 and 1.53 (Table 3) might therefore be less enantioselective as reaction through 
mode B might become competitive with A.44  Similar arguments can be made for the all-
carbon quaternary center: coordination of the 1,1-disubstituted olefin to proceed through 
boat-conformation C may place the sterically less demanding sp2-hybridized ester syn to 
the methyl group.  This might explain why the RCM of cyclohexyl-substituted 1.55 is not 
enantioselective. 
 
1.9 Site-selective functionalizations of enantioenriched cyclic enol ether products 
 With the enantioselective method in hand, we could begin to test our hypothesis 
that the more electron-rich nature of the cyclic vinyl ether would allow for site-selective 
functionalization of the diene products.  Indeed, treatment of unsaturated pyran 1.48 with 
                                                            
(44) Low enantioselectivity is also observed with substrates that contain only terminal olefins, perhaps 
partially due to reaction through mode B, compounded by non-selective initiation of the Mo complex at any 
one of the terminal olefins. 
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1 M hydrochloric acid, conditions far too weak to react with the pentenyl group, readily 
delivers a lactol, which may be oxidized to lactone 1.64 (1:1 dr, Scheme 1.15).  The 
remote stereogenic center has little effect on controlling the stereochemistry at the center 
α to the carbonyl.  Subjection of 1.48 to m-CPBA leads to clean epoxidation of the enol 
ether only; the carboxylic acid, generated as the byproduct, then ring-opens the epoxide 
to give a single constitutional isomer of 1.65 as an unequal mixture of all four possible 
diastereomers.  Finally, Sharpless dihydroxylation45 of enol ether 1.48 leads to a perfectly 
site- and diastereoselective reaction at the more electron-rich olefin;46 Dess-Martin 
oxidation then furnishes α-hydroxylactone 1.66.  Use of catalytic OsO4 with NMO 
(Upjohn conditions) leads to poor site-selectivity.  The chiral catalyst thus serves two 
important purposes: to control the diastereoselectivity of the transformation with an 
enantiomerically enriched molecule and to improve the chemoselectivity of the reaction.47 
 
                                                            
(45) For a review of catalytic enantioselective dihydroxylation, see: Kolb, H. C.; VanNieuwenhze, M. S.; 
Sharpless, K. B. Chem. Rev. 1994, 94, 2483-2547. 
(46) For catalytic dihydroxylation of enol ethers with chiral catalysts, see: Curran, D. P.; Ko, S-B. J. Org. 
Chem. 1994, 59, 6139-6141.  The stereochemical assignment of the quaternary stereogenic center in 1.66 is 
based on the pneumonic outlined in this report. 
(47) For a discussion of the use of chiral catalysts for applications beyond enantioselective synthesis, see: 
Hoveyda, A. H.; Malcolmson, S. J.; Meek, S. J.; Zhugralin, A. R. Angew. Chem., Int. Ed. 2010, 49, 34-44. 
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1.10 Conclusions 
 Our studies have demonstrated the first enantioselective olefin metathesis 
reactions involving enol ethers.  Tertiary as well as all-carbon quaternary stereogenic 
centers were generated with good to excellent enantioselectivity; the stereochemistry of 
all-carbon quaternary stereogenic centers had not been controlled through olefin 
metathesis up to this point.  The site-selective functionalizations outlined in Section 1.9 
confirmed our hypothesis that electronic differentiation of olefins in desymmetrized 
olefin metathesis products may impact the chemoselectivity of transformations following 
the enantioselective reaction.   
There are, however, several aspects of this method that could be improved upon, 
chief among them are the high catalyst loadings and prolonged reactions times necessary 
for many ring-closures.  For most cases, only one chiral catalyst out of our library was 
able to effect an enantioselective reaction, highlighting the limitations of the current 
arsenal of catalysts.  The issue of lack of reactivity of the chiral diolate complexes was 
further demonstrated in subsequent studies, driving us to search for a more reactive class 
of catalysts; these investigations are outlined in Chapter 2. 
1.11 Experimentals 
General: All reactions were carried out in oven- (135 °C) or flame-dried glassware under 
an inert atmosphere of dry N2 unless otherwise stated. Infrared (IR) spectra were recorded 
on a Nicolet 210 spectrophometer, υmax in cm-1.  Bands are characterized as broad (br), 
strong (s), medium (m) or weak (w).  1H NMR spectra were recorded on a Varian Unity 
INOVA 400 (400 MHz) spectrometer.  Chemical shifts are reported in ppm from 
tetramethylsilane with the solvent resonance resulting from incomplete deuteration as the 
internal reference (CDCl3: δ 7.26, C6D6: δ 7.16).  Data are reported as follows: chemical 
shift, integration, multiplicity (s = singlet, d = doublet, t = triplet, br = broad, m = 
multiplet), and coupling constants (Hz).  13C NMR spectra were recorded on a Varian 
Unity INOVA 400 (100 MHz) spectrometer with complete proton decoupling.  Chemical 
shifts are reported in ppm from tetramethylsilane with the solvent resonance resulting 
from incomplete deuteration as the internal reference (CDCl3: δ 77.16, C6D6: δ 128.06).  
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Enantiomer ratios were determined by HPLC (Chiral Technologies Chiralcel OD column 
(4.6 mm x 250 mm), Chiralpak AS column (4.6 mm x 250 mm)) or by GLC analysis 
(Alltech Associates Chiraldex GTA or BPH, Supelco Betadex or Alphadex 120 column 
(30 m x 0.25 mm)) in comparison with authentic racemic materials.  High-resolution 
mass spectrometry was performed at the University of Illinois Mass Spectrometry 
Laboratory.  Optical rotation values were recorded on a Rudolph Research Analytical 
Autopol IV polarimeter.  Melting points were measured on a Thomas Hoover capillary 
melting point apparatus and are uncorrected.  X-ray crystal structure was determined at 
the Harvard University X-Ray Crystallographic Laboratory. 
 
Solvents: Solvents were purged with argon and purified under a positive pressure of dry 
argon by a modified Innovative Technologies purification system: diethyl ether (Aldrich) 
and dichloromethane (Doe & Ingalls) were passed through activated alumina columns; 
benzene (Aldrich), toluene (Doe & Ingalls), and pentane48 (J T. Baker) were passed 
successively through activated Cu and alumina columns.  Tetrahydrofuran (Aldrich) was 
distilled from sodium benzophenone ketyl. 
 
Metal-based complexes: Mo complexes I, VIIIa-c, IX, X, and XIa were prepared 
according to known methods4 and were handled under an atmosphere of N2 in a dry box.  
Ru complex IV was purchased from Materia and purified by silica gel chromatography 
prior to use.  Ru complex VIa was purchased from Materia and purified by silica gel 
chromatography and recrystallization prior to use.49  Ru complexes XVIa-b10b and 
XVIIa-b50 were prepared according known methods.  Ru complexes were handled under 
an atmosphere of N2 in a dry box for comparison purposes. 
 
                                                            
(48) n-Pentane was allowed to stir over concentrated H2SO4 for three days, washed with water, followed by 
a saturated aqueous solution of NaHCO3, dried over MgSO4, and filtered before use in the solvent 
purification system. 
(49) Garber, S. B.; Kingsbury, J. S.; Gray, B. L.; Hoveyda, A. H. J. Am. Chem. Soc. 2000, 122, 8168–8179. 
(50) Van Veldhuizen, J. J.; Campbell, J. E.; Giudici, R. E.; Hoveyda, A. H. J. Am. Chem. Soc. 2005, 127, 
6877-6882. 
Chapter 1 
 Page 25 
Reagents: All reagents were purchased from commercial vendors as received unless 
otherwise noted below. 
n-Butyl vinyl ether was purchased from Acros and distilled from KOH prior to use. 
Triethylamine was purchased from Aldrich and distilled from CaH2 prior to use. 
 
Olefin metathesis substrates: Vinyl ether substrates 1.41, 1.44, 1.46a-c, 1.49, 1.51, 
1.53, 1.55, 1.57, and 1.59 were prepared from the corresponding alcohols according to 
the procedure reported by Bosch and Schlaf.34  The resulting enol ethers were purified by 
silica gel chromatography (eluent contained 1% v/v triethylamine to limit hydrolysis of 
the acid sensitive vinyl ether functionality).  Water was removed from substrates 1.41, 
1.46a-c, 1.51, 1.53, 1.55, 1.57, and 1.59 by azeotropic distillation with benzene prior to 
their use in olefin metathesis reactions.  For volatile substrates 1.41 and 1.49, water was 
removed by stirring over CaH2 followed by vacuum transfer. 
 
2,8-dimethyl-5-(vinyloxy)nona-1,8-diene (1.41): IR (neat): 2936 (s), 1652 (s), 1627 (s), 
1608 (m), 1375 (m), 1325 (w), 1193 (s), 1162 (s), 1073 (w), 885 (s), 809 (m) cm-1; 1H 
NMR (400 MHz, CDCl3): δ 6.28 (1H, dd, J = 14.0, 6.4 Hz), 4.71 (2H, s), 4.67 (2H, s), 
4.26 (1H, d, J = 14.0 Hz), 3.94 (1H, d, J = 6.4 Hz), 3.71 (1H, tt, J = 6.4, 6.4 Hz), 2.20-
2.00 (4H, m), 1.80-1.60 (4H, m), 1.71 (6H, s); 13C NMR (100 MHz, CDCl3): δ 151.9, 
145.5, 110.3, 88.0, 79.5, 33.5, 32.4, 22.7; HRMS (ESI+) [M]+ calcd for C13H22O: 
194.1671, found: 194.1665. 
 
2,6-dimethyl-4-(vinyloxy)hepta-1,6-diene (1.44): IR (neat): 3071 (w), 2971 (m), 2940 
(m), 1649 (m), 1633 (s), 1609 (m), 1448 (w), 1379 (w), 1354 (w), 1324 (w), 1120 (s), 
1175 (s), 1070 (m), 890 (s), 816 (w), 741 (w) cm-1; 1H NMR (400 MHz, CDCl3): δ 6.30 
(1H, dd, J = 14.4, 6.8 Hz), 4.81 (2H, s), 4.73 (2H, s), 4.27 (1H, dd, J = 14.4, 1.6 Hz), 4.07 
(1H, tt, J = 6.8, 5.6 Hz), 3.97 (1H, dd, J = 6.8, 1.6 Hz), 2.30 (2H, dd, J = 14.4, 6.8 Hz), 
2.21 (2H, dd, J = 14.4, 5.6 Hz), 1.75 (6H, s); 13C NMR (100 MHz, CDCl3): δ 151.2, 
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142.4, 113.2, 88.2, 76.9, 43.4, 23.1; HRMS (ESI+) [M]+ calcd for C11H18O: 166.1358, 
found: 166.1353. 
 
(2,6-dimethyl-4-(vinyloxymethyl)hepta-1,6-dien-4-yl)benzene (1.46a): IR (neat): 2943 
(m), 1640 (m), 1615 (m), 1451 (m), 1376 (w), 1319 (w), 1199 (s), 1011 (w), 897 (s), 815 
(w), 765 (w), 702 (m) cm-1; 1H NMR (400 MHz, CDCl3): δ 7.30-7.15 (5H, m), 6.57 (1H, 
dd, J = 14.4, 6.8 Hz), 4.72 (2H, s), 4.50 (2H, s), 4.27 (1H, d, J = 14.4 Hz), 4.03 (1H, d, J 
= 6.8 Hz), 3.98 (2H, s), 2.62 (2H, d, J = 13.6 Hz), 2.44 (2H, d, J = 13.6 Hz), 1.24 (6H, s); 
13C NMR (100 MHz, CDCl3): δ 151.8, 144.6, 142.5, 128.2, 126.9, 126.3, 115.1, 86.5, 
68.2, 46.5, 44.4, 24.8; HRMS (ESI+) [M]+ calcd for C18H24O: 256.1827, found: 256.1820. 
 
1-(2,6-dimethyl-4-(vinyloxymethyl)hepta-1,6-dien-4-yl)-4-methoxybenzene (1.46b): 
IR (neat): 3075 (m), 2943 (s), 2836 (m), 1646 (s), 1615 (s), 1514 (s), 1457 (s), 1376 (m), 
1319 (m), 1294 (m), 1250 (s), 1199 (s), 1036 (s), 1011 (m), 904 (s), 828 (s) cm-1; 1H 
NMR (400 MHz, CDCl3): δ  7.15 (2H, d, J = 9.2 Hz), 6.82 (2H, d, J = 9.2 Hz), 6.56 (1H, 
dd, J = 14.6, 6.6 Hz), 4.72 (2H, s), 4.49 (2H, s), 4.26 (1H, d, J = 14.4 Hz), 4.02 (1H, d, J 
= 6.8 Hz), 3.94 (2H, s), 3.78 (3H, s), 2.59 (2H, d, J = 13.2 Hz), 2.40 (2H, d, J = 13.2 Hz), 
1.26 (6H, s); 13C NMR (100 MHz, CDCl3): δ 157.9, 151.8, 142.7, 136.5, 127.8, 115.0, 
113.5, 86.5, 68.4, 55.3, 46.5, 43.8, 24.9; HRMS (ESI+) [M]+ calcd for C18H26O2: 
286.1933, found: 286.1931. 
 
1-bromo-4-(2,6-dimethyl-4-(vinyloxymethyl)hepta-1,6-dien-4-yl)benzene (1.46c): 
M.p. = 52-53 °C; IR (neat): 3069 (w), 2943 (m), 1640 (s), 1615 (s), 1489 (s), 1451 (m), 
1325 (w), 1199 (s), 1086 (m), 1010 (s), 897 (s), 822 (s) cm-1; 1H NMR (400 MHz, 
CDCl3): δ 7.40 (2H, d, J = 8.8 Hz), 7.13 (2H, d, J = 8.8 Hz), 6.54 (1H, dd, J = 14.4, 6.8 
Hz), 4.74 (2H, s), 4.49 (2H, s), 4.25 (1H, d, J = 14.4 Hz), 4.04 (1H, d, J = 6.8 Hz), 3.92 
(2H, s), 2.59 (2H, d, J = 13.2 Hz), 2.40 (2H, d, J = 13.2 Hz), 1.28 (6H, s); 13C NMR (100 
MHz, CDCl3): δ 151.6, 143.8, 142.0, 131.3, 128.8, 120.2, 115.4, 86.8, 68.1, 46.2, 44.4, 
25.0; HRMS (ESI+) [M]+ calcd for C18H23BrO: 334.0932, found: 334.0936. 
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2,6-dimethyl-4-(vinyloxymethyl)hepta-1,6-diene (1.49): IR (neat): 3075 (m), 2968 (m), 
2924 (s), 2861 (w), 1652 (s), 1608 (s), 1445 (m), 1376 (m), 1325 (m), 1206 (s), 1117 (w), 
1073 (w), 998 (w), 966 (w), 897 (s), 815 (s) cm-1; 1H NMR (400 MHz, CDCl3): δ 6.47 
(1H, dd, J = 14.0, 6.8 Hz), 4.79 (2H, s), 4.70 (2H, s), 4.15 (1H, dd, J = 14.0, 2.0 Hz), 3.95 
(1H, dd, J = 6.8, 2.0 Hz), 3.55 (2H, d, J = 4.0 Hz), 2.16-1.97 (5H, m), 1.72 (6H, s); 13C 
NMR (100 MHz, C6D6): δ 152.4, 143.8, 112.6, 86.2, 69.7, 40.1, 34.1, 22.3; HRMS (ESI+) 
[M]+ calcd for C12H20O: 180.1514. Found: 180.1515. 
 
(7E,12E)-10-(vinyloxy)nonadeca-7,12-diene (1.51): IR (neat): 2955 (m), 2917 (s), 2848 
(m), 1634 (m), 1608 (w), 1464 (w), 1432 (w), 1357 (w), 1193 (s), 1174 (m), 966 (s), 815 
(w) cm-1; 1H NMR (400 MHz, CDCl3): δ 6.29 (1H, dd, J = 14.4, 6.0 Hz), 5.50-5.30 (4H, 
m), 4.25 (1H, d, J = 14.4 Hz), 3.95 (1H, d, J = 6.0 Hz), 3.72 (1H, tt, J = 6.0, 6.0 Hz), 2.23 
(4H, dd, J = 6.4, 6.0 Hz), 1.99 (4H, m), 1.40-1.20 (16H, m), 0.87 (6H, t, J = 6.0 Hz); 13C 
NMR (100 MHz, CDCl3): δ 151.5, 134.0, 125.3, 88.2, 79.9, 36.9, 32.9, 31.9, 29.6, 29.0, 
22.9, 14.3; HRMS (ESI+) [M]+ calcd for C21H38O: 306.2923, found: 306.2916. 
 
(7Z,12Z)-10-(vinyloxy)nonadeca-7,12-diene (1.53): IR (neat): 2955 (m), 2924 (s), 2855 
(m), 1652 (w), 1634 (m), 1602 (w), 1451 (w), 1350 (w), 1325 (w), 1193 (s), 1174 (s), 
1060 (w), 815 (m), 721 (m) cm-1; 1H NMR (400 MHz, CDCl3): δ 6.31 (1H, dd, J = 14.0, 
6.4 Hz), 5.51-5.34 (4H, m), 4.26 (1H, dd, J = 14.0, 1.2 Hz), 3.96 (1H, dd, J = 6.4, 1.2 
Hz), 3.75 (1H, tt, J = 6.0, 6.0 Hz), 2.30 (4H, dd, J = 6.4, 6.0 Hz), 2.01 (4H, dd, J = 14.0, 
7.2 Hz), 1.35-1.20 (16H, m), 0.87 (6H, t, J = 7.2 Hz); 13C NMR (100 MHz, CDCl3): δ 
151.5, 132.9, 124.7, 88.2, 80.1, 32.0, 31.8, 29.7, 29.2, 27.7, 22.8, 14.3; HRMS (ESI+) 
[M]+ calcd for C21H38O: 306.2923, found: 306.2919. 
 
(2,6-dimethyl-4-(vinyloxymethyl)hepta-1,6-dien-4-yl)cyclohexane (1.55): IR (neat): 
2924 (s), 2855 (m), 1646 (w), 1602 (m), 1451 (w), 1369 (w), 1313 (w), 1199 (s), 885 (m), 
809 (w) cm-1; 1H NMR (400 MHz, CDCl3): δ 6.47 (1H, dd, J = 14.4, 6.9 Hz), 4.84 (2H, 
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s), 4.68 (2H, s), 4.09 (1H, dd, J = 14.4, 1.8 Hz), 3.95 (1H, dd, J = 6.9, 1.8 Hz), 3.53 (2H, 
s), 2.17 (2H, d, J = 13.7 Hz), 2.12 (2H, d, J = 13.2 Hz), 1.74 (6H, s), 1.78-1.46 (5H, m), 
1.26-1.03 (6H, m); 13C NMR (100 MHz, CDCl3): δ 151.6, 143.7, 114.9, 86.1, 71.9, 43.1, 
43.0, 41.6, 27.6, 27.4, 27.0, 25.6;  HRMS (ESI+) [M]+ calcd for C18H30O: 262.2297, 
found: 262.2295. 
 
methyl 4-methyl-2-(2-methylallyl)-2-(vinyloxymethyl)pent-4-enoate (1.57): IR (neat): 
3075 (w), 2949 (m), 1734 (s), 1646 (w), 1615 (m), 1457 (w), 1369 (w), 1325 (w), 1199 
(s), 1086 (w), 1061 (w), 1011 (w), 897 (m), 809 (w) cm-1; 1H NMR (400 MHz, C6D6): δ 
6.33 (1H, dd, J = 14.8, 6.8 Hz), 4.84 (2H, m), 4.81 (2H, m), 4.10 (1H, dd, J = 14.8, 2.0 
Hz), 3.93 (2H, s), 3.87 (1H, dd, J = 6.8, 2.0 Hz), 3.23 (3H, s), 2.45 (4H, s), 1.58 (6H, s); 
13C NMR (100 MHz, C6D6): δ 174.6, 151.3, 141.4, 115.3, 86.7, 65.7, 50.8, 49.8, 43.2, 
23.6; HRMS (ESI+) [M]+ calcd for C14H22O3: 238.1569, found: 238.1574. 
 
benzyl 2,6-dimethyl-4-(vinyloxymethyl)hepta-1,6-dien-4-ylcarbamate (1.59): IR 
(neat): 3345 (br), 3075 (w), 2943 (m), 1728 (s), 1709 (s), 1646 (w), 1621 (m), 1508 (s), 
1457 (w), 1375 (w), 1319 (w), 1231 (s), 1199 (s), 1055 (m), 904 (s), 690 (m) cm-1; 1H 
NMR (400 MHz, C6D6): δ 7.21-6.99 (5H, m), 6.21 (1H, dd, J = 14.8, 6.8 Hz), 4.99 (2H, 
s), 4.81 (2H, s), 4.70 (2H, s), 4.67 (1H, br s), 4.06 (1H, dd, J = 14.8, 2.0 Hz), 3.85 (1H, 
dd, J = 6.8, 2.0 Hz), 3.57 (2H, s), 2.72 (2H, d, J = 14.0 Hz), 2.58 (2H, d, J = 14.0 Hz), 
1.64 (6H, s); 13C NMR (100 MHz, CDCl3): δ 151.1, 141.8, 136.8, 128.7, 128.4, 128.3, 
116.1, 87.4, 69.5, 66.5, 57.3, 41.6, 24.6; HRMS (ESI+) [M]+ calcd for C20H27NO3: 
329.1991, found: 329.1983. 
 
Representative procedure for Mo-catalyzed enantioselective ring-closing olefin 
metathesis of enol ethers:51 A 4-mL vial equipped with magnetic stir bar was charged 
                                                            
(51) Complexes VIIIa-VIIIc and IX, utilized in our reactions, were the enantiomer depicted in Appendix B 
(S-configuration of the ligand); however, complexes X and XIa were of the R-configuration at the ligand 
(enantiomer of that drawn in Appendix B).  To facilitate comparison among catalysts, all Mo-based 
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with 1.46a (12.8 mg, 50.0 μmol) in a N2-filled dry box. A solution of complex (R)-X (8.7 
mg, 7.5 μmol) in benzene (0.5 mL) was added in one portion. The vial was loosely 
covered with a Teflon-lined cap and the reaction allowed to stir at 22 °C for 20 h.  The 
reaction vessel was then removed from the dry box and quenched by exposure to air.  The 
solution was concentrated by purging with a stream of N2 to give a brown residue.  
Purification by silica gel chromatography (49:1 pentane:Et2O) afforded the desired 
product 1.47a (11.0 mg, 48.0 μmol, 96% yield). 
 
(R)-4-methyl-2-(2-methylallyl)-2,3-dihydrofuran (1.45): IR (neat): 3069 (m), 2918 (s), 
2855 (s), 1678 (s), 1652 (m), 1451 (s), 1376 (m), 1300 (w), 1262 (w), 1099 (s), 1010 (w), 
891 (s), 834 (m) cm-1; 1H NMR (400 MHz, C6D6): δ 5.98 (1H, d, J = 1.6 Hz), 4.81 (1H, 
s,), 4.74 (1H, s), 4.68 (1H, m), 2.59 (1H, dd, J = 14.4, 9.6 Hz), 2.43 (1H, dd, J = 14.4, 7.2 
Hz), 2.21 (2H, m), 1.76 (3H, s), 1.62 (3H, s); 13C NMR (100 MHz, C6D6): δ 142.5, 140.0, 
112.7, 108.4, 80.1, 44.7, 39.8, 22.9, 11.3; HRMS (ESI+) [M+H]+ calcd for C9H15O: 
139.1123, found 139.1125; 20][ Dα  +44.3 (c = 0.857, Et2O) for a sample of 95:5 er.  The 
enantiomeric purity of 1.45 (95:5 er) was determined by GLC analysis (CDGTA column, 
15 psi, 40 °C). 
 
 
(R)-5-methyl-2-(3-methylbut-3-enyl)-3,4-dihydro-2H-pyran (1.48): IR (neat): 2917 
(s), 2854 (m), 1671 (m), 1652 (w), 1445 (m), 1167 (s), 1148 (s), 891 (w) cm-1; 1H NMR 
(400 MHz, C6D6): δ 6.27 (1H, d, J = 1.1 Hz), 4.74 (2H, s), 3.51 (1H, m), 2.17 (1H, ddd, J 
= 15.3, 10.4, 5.4 Hz), 2.00 (1H, ddd, J = 15.3, 10.1, 5.9), 1.85-1.75 (1H, m), 1.75-1.65 
                                                                                                                                                                                 
complexes are depicted as S-isomers.  The enantiomer of the products illustrated in Tables 1.2-1.4 and 
Scheme 1.15 is what would be obtained with the enantiomer of catalyst shown in Appendix B. 
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(1H, m), 1.63-1.53 (1H, m), 1.58 (3H, s), 1.41 (3H, d, J = 1.1 Hz), 1.50-1.33 (3H, m); 13C 
NMR (100 MHz, C6D6): δ 145.4, 139.2, 110.2, 107.4, 73.9, 33.7, 33.5, 28.0, 25.6, 22.4, 
18.3; HRMS (ESI+) [M]+ calcd for C11H18O: 166.1358, found: 166.1354; 20][ Dα  +66.7 (c 
= 0.466, CHCl3) for a sample of 91.5:8.5 er.  The enantiomeric purity of 1.48 (91.5:8.5 
er) was determined by GLC analysis (β-Dex column, 15 psi, 60 °C). 
 
 
(R)-5-methyl-3-(2-methylallyl)-3,4-dihydro-2H-pyran (1.49): IR (neat): 2962 (w), 
2924 (s), 2848 (m), 1639 (w), 1464 (m), 1376 (w), 1255 (w) cm-1; 1H NMR (400 MHz, 
CDCl3): δ 6.20 (1H, dd, J = 3.3, 1.7 Hz), 4.79-4.78 (1H, m), 4.71-4.69 (1H, m), 3.91 (1H, 
ddd, J = 10.3, 3.1, 1.7 Hz), 3.41 (1H, dd, J = 10.3, 8.8 Hz), 2.03-1.90 (4H, m), 1.73 (3H, 
s), 1.62 (1H, dd, J = 16.7, 8.8 Hz), 1.54 (3H, dd, J = 2.2, 1.1 Hz); 13C NMR (100 MHz, 
CDCl3): δ 143.2, 138.3, 112.2, 108.1, 69.3, 40.9, 31.9, 30.3, 22.4, 18.6; HRMS (ESI+) 
[M]+ calcd for C10H16O: 152.1201, found: 152.1199; 20][ Dα  –3.80 (c = 0.200, CHCl3) for a 
sample of 95:5 er.  The enantiomeric purity of 1.49 (95:5 er) was determined by GLC 
analysis (CDGTA column, 20 psi, 45 °C). 
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(S,E)-2-(non-2-enyl)-2,3-dihydrofuran (1.52): IR (neat): 2924 (s), 2848 (m), 1615 (m), 
1457 (w), 1180 (w), 1143 (m), 1055 (m), 966 (w), 702 (w) cm-1; 1H NMR (400 MHz, 
C6D6): δ 6.16 (1H, d, J = 1.6 Hz), 5.45-5.35 (2H, m), 4.65-4.57 (1H, m), 4.48-4.38 (1H, 
m), 2.40-1.85 (6H, m), 1.30-1.10 (8H, m), 0.82 (3H, t, J = 16.8 Hz); 13C NMR (100 MHz, 
C6D6): δ 145.5, 133.5, 125.5, 98.5, 80.9, 39.3, 34.1, 32.9, 31.9, 29.7, 29.0, 22.9, 14.2; 
HRMS (ESI+) [M]+ calcd for C13H22O: 194.1671, found: 194.1673; 20][ Dα  +14.5 (c = 
0.200, CHCl3) for a sample of 70.5:29.5 er.  The enantiomeric purity of 1.52 (70.5:29.5 
er) was determined by GLC analysis (CDGTA column, 15 psi, 60 °C). 
 
 
(S,Z)-2-(non-2-enyl)-2,3-dihydrofuran (1.54): IR (neat): 2926 (s), 2852 (m), 1618 (w), 
1558 (w), 1540 (w), 1140 (w), 1056 (m) cm-1; 1H NMR (400 MHz, CDCl3): δ 6.25 (1H, 
dd, J = 4.8, 2.4 Hz), 5.58-5.46 (1H, m), 5.42-5.31 (1H, m), 4.85-4.79 (1H, m), 4.60-4.52 
(1H, m), 2.71-2.59 (1H, m), 2.45-2.20 (3H, m), 2.01-1.90 (2H, m), 1.33-1.24 (8H, m), 
0.87 (3H, t, J = 13.6 Hz); 13C NMR (100 MHz, CDCl3): δ 145.1, 134.0, 125.1, 99.1, 81.2, 
39.2, 34.1, 32.9, 31.9, 29.6, 29.0, 22.8, 14.3; HRMS (ESI+) [M]+ calcd for C13H22O: 
194.1671, found: 194.1666; 20][ Dα  –42.4 (c = 0.200, CHCl3) for a sample of 81:19 er.  
The enantiomeric purity of 1.54 (81:19 er) was determined by GLC analysis (CDGTA 
column, 15 psi, 60 °C). 
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(R)-3-cyclohexyl-5-methyl-3-(2-methylallyl)-3,4-dihydro-2H-pyran (1.56): IR (neat): 
2924 (s), 2848 (m), 1659 (w), 1652 (w), 1508 (m), 1451 (s), 1149 (s), 1017 (w), 954 (w), 
885 (w) cm-1; 1H NMR (400 MHz, C6D6): δ 6.23 (1H, s), 4.92 (2H, s), 4.81 (2H, s), 3.65 
(1H, d, J = 10.8 Hz), 3.57 (1H, d, J = 10.8 Hz), 2.25 (1H, d, J = 13.5 Hz), 1.86 (1H, d, J = 
13.6 Hz), 1.83-0.75 (13H, m), 1.71 (3H, s), 1.42 (3H, s); 13C NMR (100 MHz, C6D6): δ 
143.0, 138.5, 115.4, 107.7, 69.8, 40.6, 39.2, 37.3, 34.1, 27.1, 26.9, 26.5, 25.5, 18.5; 
HRMS (ESI+) [M]+ calcd for C16H26O: 234.1984, found: 234.1989; 20][ Dα  0.00 (c = 0.353, 
CHCl3) for a sample of 61.5:38.5 er.  The enantiomeric purity of 1.56 (61.5:38.5 er) was 
determined by GLC analysis (CDGTA column, 20 psi, 80 °C). 
 
 
(S)-5-methyl-3-(2-methylallyl)-3-phenyl-3,4-dihydro-2H-pyran (1.47a): IR (neat): 
2917 (s), 1680 (m), 1641 (w), 1446 (m), 1151 (s), 894 (w) cm-1; 1H NMR (400 MHz, 
C6D6): δ 7.10-6.95 (5H, m), 6.16 (1H, q, J = 1.5 Hz), 4.74 (1H, m), 4.60 (1H, m), 3.97 
(1H, dd, J = 12.2, 1.8 Hz), 3.79 (1H, dd, J = 12.2, 0.9 Hz), 2.37 (1H, d, J = 13.3 Hz), 2.20 
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(1H, d, J = 13.3 Hz), 2.11 (1H, d, J = 16.7 Hz), 1.97 (1H, d, J = 16.7 Hz), 1.42 (3H, s), 
1.14 (3H, s); 13C NMR (100 MHz, C6D6): δ 144.9, 142.2, 138.3, 128.2, 126.4, 126.3, 
114.8, 106.7, 71.4, 45.7, 39.0, 37.0, 24.4, 18.2; HRMS (ESI+) [M]+ calcd for C16H20O: 
228.1514, found: 228.1514; 20][ Dα  +0.0140 (c = 0.733, CHCl3) for a sample of 93.5:6.5 
er.  The enantiomeric purity of 1.47a (93.5:6.5 er) was determined by GLC analysis (α-
Dex column, 15 psi, 100 °C). 
 
 
(S)-3-(4-methoxyphenyl)-5-methyl-3-(2-methylallyl)-3,4-dihydro-2H-pyran (1.47b): 
IR (neat): 2961 (w), 2917 (m), 2855 (w), 2836 (w), 1678 (m), 1640 (w), 1615 (m), 1583 
(w), 1514 (s), 1464 (m), 1438 (m), 1294 (w), 1250 (s), 1187 (s), 1155 (s), 1036 (m), 1017 
(m), 941 (w), 897 (w), 828 (w) cm-1; 1H NMR (400 MHz, CDCl3): δ 7.18 (2H, d, J = 8.8 
Hz), 6.84 (2H, d, J = 8.8 Hz), 6.15 (1H, dd, J = 1.6, 1.2 Hz), 4.72 (1H, s), 4.49 (1H, s), 
3.98 (1H, dd, J = 10.4, 1.6 Hz), 3.90 (1H, dd, J = 10.4, 1.2 Hz), 3.78 (3H, s), 2.41 (1H, d, 
J = 13.2 Hz), 2.30 (1H, d, J = 16.8 Hz), 2.29 (1H, d, J = 13.2 Hz), 2.17 (1H, d, J = 16.8 
Hz), 1.60 (3H, s), 1.20 (3H, s); 13C NMR (100 MHz, CDCl3): δ 158.1, 142.5, 137.8, 
136.6, 127.5, 114.8, 113.7, 107.5, 72.1, 55.4, 46.1, 38.6, 36.8, 24.6, 18.5; HRMS (ESI+) 
[M]+ calcd for C17H22O2: 258.1620, found: 258.1616; 20][ Dα  –27.5 (c = 0.980, CHCl3) for 
a sample of 92.5:7.5 er.  The enantiomeric purity of 1.47b (92.5:7.5 er) was determined 
by HPLC analysis (Chiralpak AS column, 100% hexane, 1.0 mL/min, 210 nm). 
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(S)-3-(4-bromophenyl)-5-methyl-3-(2-methylallyl)-3,4-dihydro-2H-pyran (1.47c): IR 
(neat): 2962 (m), 2911 (s), 2880 (m), 2855 (m), 1684 (m), 1640 (w), 1495 (s), 1457 (m), 
1438 (m), 1376 (w), 1155 (s), 1080 (m), 1011 (s), 941 (w), 891 (m), 822 (m) cm-1; 1H 
NMR (400 MHz, CDCl3): δ 7.42 (2H, d, J = 6.4 Hz), 7.15 (2H, d, J = 6.4 Hz), 6.13 (1H, 
s), 4.74 (1H, s), 4.50 (1H, s), 3.94 (2H, s), 2.42 (1H, d, J = 13.6 Hz), 2.28 (1H, d, J = 13.6 
Hz), 2.28 (1H, d, J = 16.8 Hz), 2.18 (1H, d, J = 16.8 Hz), 1.59 (3H, s), 1.23 (3H, s); 13C 
NMR (100 MHz, CDCl3): δ 143.6, 141.8, 138.0, 131.5, 128.4, 120.4, 115.3, 107.3, 71.8, 
46.2, 39.2, 36.8, 24.7, 18.5;  HRMS (ESI+) [M]+ calcd for C16H19BrO: 306.0619, found: 
306.0605; 20][ Dα  –30.4 (c = 1.00, CHCl3) for a sample of 91.5:8.5 er.  The enantiomeric 
purity of 1.47c (91.5:8.5 er) was determined by HPLC analysis (Chiralcel OD column, 
100% hexane, 1.0 mL/min, 210 nm). 
 
 
(R)-methyl 5-methyl-3-(2-methylallyl)-3,4-dihydro-2H-pyran-3-carboxylate (1.58): 
IR (neat): 2955 (m), 2911 (m), 1741 (s), 1678 (w), 1445 (m), 1199 (s), 1149 (s), 1049 
(w), 1023 (w) cm-1; 1H NMR (400 MHz, C6D6): δ 6.15 (1H, s), 4.78 (1H, s), 4.70 (1H, s), 
4.00 (1H, d, J = 10.4 Hz), 3.67 (1H, d, J = 10.4 Hz), 3.24 (3H, s), 2.36 (1H, d, J = 13.5 
Hz), 2.36 (1H, d, J = 16.9 Hz), 2.04 (1H, d, J = 13.5 Hz), 1.73 (1H, d, J = 16.9 Hz), 1.55 
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(3H, s), 1.10 (3H, s); 13C NMR (100 MHz, C6D6): δ 174.4, 141.1, 138.3, 115.0, 107.2, 
69.4, 51.2, 44.6, 42.7, 33.9, 23.3, 18.0; HRMS (ESI+) [M]+ calcd for C12H18O3: 210.1256, 
found 210.1251; 20][ Dα  −32.2 (c = 0.513, CHCl3) for a sample of 97:3 er.  The 
enantiomeric purity of 1.58 (97:3 er) was determined by GLC analysis (CDGTA column, 
15 psi, 70 °C). 
 
 
(R)-benzyl 5-methyl-3-(2-methylallyl)-3,4-dihydro-2H-pyran-3-ylcarbamate (1.60): 
IR (neat): 3345 (br), 2955 (m), 2924 (s), 2854 (m), 1722 (s), 1678 (m), 1646 (w), 1508 
(s), 1451 (m), 1438 (w), 1376 (w), 1262 (s), 1231 (s), 1073 (s), 1029 (m) cm-1; 1H NMR 
(400 MHz, CDCl3): δ 7.35-7.27 (5H, m), 6.17 (1H, s), 5.05 (2H, s), 4.87 (1H, s), 4.76 
(1H, br s), 4.67 (1H, s), 4.11 1H, (d, J = 10.4 Hz), 3.33 (1H, d, J = 10.4 Hz), 2.59 (1H, d, 
J = 13.2 Hz), 2.45 (1H, d, J = 13.2 Hz), 2.12 (1H, d, J = 17.2 Hz), 2.05 (1H, d, J = 17.2 
Hz), 1.74 (3H, s), 1.53 (3H, s); 13C NMR (100 MHz, CDCl3): δ 141.1, 138.0, 136.8, 
128.7, 128.3, 128.2, 115.8, 106.7, 69.2, 66.5, 52.0, 41.5, 36.7, 24.6, 18.2; HRMS (ESI+) 
[M]+ calcd for C18H23NO3: 301.1678, found: 301.1681; 20][ Dα  −26.1 (c = 0.367, CHCl3) 
for a sample of 77:23 er.  The enantiomeric purity of 1.60 (77:23 er) was determined by 
HPLC analysis (Chiralcel OD column, 95:5 hexanes:i-PrOH, 1.0 mL/min, 210 nm). 
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Representative catalyst screen for 1,1-disubstituted olefin-containing substrates:  
 
 
Site-selective functionalizations: 
(S)-3-methyl-6-(3-methylbut-3-enyl)tetrahydro-2H-pyran-2-one (1.64): A solution of 
enol ether 1.48 (25 mg, 0.15 mmol) was dissolved in THF (2.0 mL) and 1 M aq.  HCl 
(0.50 mL).  The mixture was allowed to stir for 24 h before Et2O and water were added.  
The aqueous layer was washed three times with Et2O and the combined organic layers 
washed with saturated aqueous NaCl.  The combined organic layers were dried over 
MgSO4, filtered, and concentrated.  Silica gel chromatography (5:1 pentane:Et2O) 
afforded a mixture of lactol diastereomers as a colorless oil (21.5 mg, 0.117 mmol, 76% 
yield). 
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A portion of the lactol mixture (14 mg, 76 μmol) was dissolved in CH2Cl2 (0.4 
mL) and 4 Å molecular sieves, NMO (13 mg, 0.11 mmol) and TPAP (1.3 mg, 3.8 μmol) 
were added successively.  The mixture was allowed to stir for 2 h before it was 
concentrated by purging with a stream of nitrogen.  Silica gel chromatography (CH2Cl2) 
afforded lactone 1.64 as a 1:1 mixture of diastereomers (12 mg, 66 μmol, 88% yield).  IR 
(neat): 2936 (m), 1741 (s), 1646 (w), 1451 (w), 1376 (w), 1237 (w), 1168 (m), 1092 (m), 
1017 (w), 891 (w) cm-1.  1H NMR (400 MHz, CDCl3): δ 4.72 (1H x 2, s), 4.68 (1H x 2, 
s), 4.27 (1H x 2, m), 2.64-2.54 (1H-diastereomer 1, m), 2.48-2.38 (1H-diastereomer 2, 
m), 2.26-1.46 (8H x 2, m), 1.71 (3H x 2, s), 1.29 (3H-diastereomer 1, d, J = 6.8 Hz), 1.21 
(3H-diastereomer 2, d, J = 6.8 Hz). 13C NMR (100 MHz, CDCl3): δ 176.6, 174.5, 144.9, 
144.8, 110.7, 110.6, 81.5, 77.7, 36.3, 34.4, 33.9, 33.4, 33.3, 33.0, 29.3, 28.7, 26.9, 25.8, 
22.7, 22.6, 17.6, 16.3. HRMS (ESI+) [M]+ calcd for C11H18O2: 182.1307, found: 
182.1303. 
 
3-hydroxy-3-methyl-6-(3-methylbut-3-enyl)tetrahydro-2H-pyran-2-one (1.66): A 
flask was charged with t-BuOH (0.15 mL) and water (0.15 mL).  AD-mix-β (42 mg) and 
methanesulfonamide (3.0 mg, 30 μmol) were added.  The suspension was allowed to stir 
at 22 °C, then cooled to 0 °C.  Enol ether 1.48 (5.0 mg, 30 μmol) was added in t-BuOH 
(0.20 mL) and water (0.20 mL).  The resulting suspension was allowed to stir at 0 °C for 
8 h followed by the addition of sodium sulfite (50 mg).  The aqueous layer was washed 
three times with ethyl acetate and the combined organic layers washed with a 2 M 
solution of aqueous KOH.  The combined organic layers were dried over MgSO4, 
filtered, and concentrated. Silica gel chromatography (2:1 Et2O:hexanes) afforded the 
hemiacetal diastereomers as a colorless oil (4.5 mg, 22 μmol, 75% yield). 
A portion of this mixture (2.2 mg, 11 μmol) was dissolved in CH2Cl2 (0.50 mL) 
and treated with Dess-Martin periodinane (6.4 mg, 15 μmol) for 2 h.  The reaction was 
quenched by addition of a saturated aqueous solution of sodium thiosulfate and diluted 
with water.  The aqueous layer was washed three times with CH2Cl2 and the combined 
organic layers washed with saturated aqueous NaCl.  The combined organic layers were 
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dried over MgSO4, filtered, and concentrated.  Silica gel chromatography (2:1 
pentane:Et2O) afforded α-hydroxylactone 1.66 as a colorless oil (2.0 mg, 10 μmol, 92% 
yield). IR (neat): 3396 (br), 2917 (m), 1722 (s) cm-1; 1H NMR (400 MHz, CDCl3): δ 8.08 
(1H, s), 4.98 (1H, m), 4.71 (1H, s), 4.66 (1H, s), 2.48 (1H, d, J = 7.6 Hz), 2.46 (1H, d, J = 
7.6 Hz), 2.13 (3H, s), 2.05-1.90 (3H, m), 1.84-1.64 (3H, m), 1.70 (3H, s); 13C NMR (100 
MHz, CDCl3): δ 161.1, 144.7, 110.7, 76.9, 73.4, 39.4, 33.5, 32.4, 30.2, 28.0, 22.6; HRMS 
(ESI+) [M+H]+ calcd for C11H19O3: 199.1334, found: 199.1340; 
20][ Dα  -5.50 (c = 0.167, 
CHCl3) for a sample of 91.5:8.5 er. 
 
Proof of stereochemical identity of 1.45:  As depicted in Scheme 1.14, ent-1.45, 
derived from the enantioselective RCM with (R)-X51 was elaborated to β-hydroxyketone 
1.62, which was found to be of the opposite configuration to that derived from a known 
proline-mediated aldol reaction41 and to that previously obtained from an enantioselective 
RCM in our laboratory.42  The stereochemical identity of 1.45 formed under the 
conditions described through the use of (R)-X is (R)-1.45, thus the stereochemistry of 
1.45 in Table 2 is (S)-1.45.  The stereochemistry of all other tertiary stereogenic center 
products in Table 2 is inferred from this proof.43 
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Proof of stereochemical identity of 1.58: 
 
To a solution of the ester ent-1.58 (11 mg, 52 μmol) in THF (0.5 ml) at –78 °C was 
added dibal-H (1.4 M in hexanes, 0.11 mL, 0.16 mmol).  The mixture was allowed to stir 
at –78 °C for 1 h before it was allowed to warm slowly to 22 °C.  After 1 h, the reaction 
was quenched by addition of a saturated aqueous solution of Rochelle’s salt.  The 
aqueous layer was washed three times with Et2O and the combined organic layers washed 
with saturated aqueous NaCl.  The combined organic layers were dried over MgSO4, 
filtered, and concentrated.  Silica gel chromatography (2:1 pentane:Et2O) afforded the 
alcohol as a colorless oil (8.5 mg, 47 μmol, 89% yield). 
A portion of this alcohol (4.5 mg, 25 μmol) was dissolved in CH2Cl2 (0.3 ml). 
Triethylamine (10 μL, 7.0 μmol), DMAP (1.2 mg, 1.0 μmol) and p-bromo benzoyl 
chloride (6.5 mg, 30 μmol) were added successively.  The mixture was allowed to stir for 
3 h before it was diluted with CH2Cl2 and a saturated aqueous solution of NaHCO3.  The 
aqueous layer was washed with dichloromethane.  The organic layer was dried over 
MgSO4, filtered, and concentrated.  Silica gel chromatography (13:1 hexanes:EtOAc) 
afforded the ester 1.63 as a colorless oil that solidified to a white solid upon standing (8.2 
mg, 22 μmol, 90% yield).  X-ray quality crystals were grown by slow evaporation of 
Et2O at 4 °C.  M.p. = 49-51 °C; IR (neat): 2917 (m), 1718 (s), 1675 (w), 1595 (m), 1675 
(w), 1271 (s), 1161 (m), 1124 (s), 1106 (s), 1014 (s), 892 (w), 849 (w), 763 (s) cm-1; 1H 
NMR (400 MHz, CDCl3): δ 7.88 (2H, d, J = 8.0 Hz), 7.58 (2H, d, J = 8.0 Hz), 6.19 (1H, 
s), 4.91 (1H, s), 4.69 (1H, s), 4.21 (1H, d, J = 11.2 Hz), 4.16 (1H, d, J = 11.2 Hz), 3.84 
(1H, d, J = 10.8 Hz), 3.61 (1H, d, J = 10.8 Hz), 2.25 (1H, d, J = 13.6 Hz), 2.11 (1H, d, J = 
13.6 Hz), 1.96 (1H, d, J = 17.2 Hz), 1.80 (1H, d, J = 17.2 Hz), 1.77 (3H, s), 1.55 (3H, s); 
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13C NMR (100 MHz, CDCl3): δ 165.9, 141.1, 137.9, 132.0, 131.2, 129.3, 116.1, 107.1, 
94.6, 69.5, 66.8, 41.3, 36.2, 33.9, 25.4, 18.4; HRMS (ESI+) [M]+ calcd for C18H21BrO3: 
364.0674, found: 364.0682; 
20][ Dα  –10.0 (c = 0.320, CHCl3) for a sample of 97:3 er. 
 
 
X-ray crystal data for 1.63: 
Experimental Section: 
 
A  colorless needle  crystal with dimensions 0.10 x 0.04 x 0.04 mm was mounted on a 
glass fiber using very small amount of paratone oil. 
Data  were  collected  using  a  Bruker  SMART  CCD  (charge  coupled  device)  based 
diffractometer equipped with  an Oxford Cryostream  low‐temperature  apparatus operating  at 
193 K.     Data were measured using omega scans of 0.3 ° per frame for 30 seconds, such that a 
hemisphere was collected.  A total of 1271 frames were collected with a maximum resolution of 
0.76 Å.  The first 50 frames  were recollected at the end of data collection to monitor for decay.  
Cell parameters were retrieved using SMART1 software and refined using SAINT on all observed 
reflections.  Data reduction was performed using the SAINT software2 which corrects for Lp and 
decay.   Absorption corrections were applied using SADABS6   multiscan  technique, supplied by 
George Sheldrick.  The structures are solved by the direct method using the SHELXS‐973 program 
and refined by least squares method on F2, SHELXL‐97, 4  incorporated in SHELXTL‐PC V 6.10.5    
  The  structure  was  solved  in  the  space  group  C2      (#  5)    by  analysis  of  systematic 
absences.     All non‐hydrogen atoms are refined anisotropically.   Hydrogens were calculated by 
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geometrical methods and refined as a riding model.  The Flack7 parameter is used to determine 
chirality  of  the  crystal  studied,  the  value  should  be  near  zero,  a  value  of  one  is  the  other 
enantiomer  and  a  value  of  0.5  is  racemic.      The  Flack  parameter  was  refined  to  0.052(15), 
confirming the absolute stereochemistry.   The crystal used for the diffraction study showed  no 
decomposition during data collection.  All drawing are done at 50% ellipsoids. 
  Acknowledgement.    The  CCD  based  x‐ray  diffractometer  at  Harvard  University  was 
purchased through NIH grant (1S10RR11937‐01). 
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a Obtained with graphite monochromated Mo Kα (λ = 0.71073 Å) radiation.  
bR1 = ∑⎜⎜Fo⎜ − ⎜Fc⎜⎜/∑⎜Fo⎜.  cwR2 = {∑[w(Fo2 − Fc2)2/{∑[w(Fo2)2]}1/2. 
 
 
This is a drawing of the packing along the b‐axis. 
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  Table 1.  Crystal data and structure refinement for bc1t. 
Identification code  bc1t 
Empirical formula  C18 H21 Br O3 
Formula weight  365.26 
Temperature  193(2) K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  C2 
Unit cell dimensions a = 18.560(4) Å α= 90°. 
 b = 5.8676(11) Å β= 98.155(4)°. 
 c = 15.887(3) Å γ = 90°. 
Volume 1712.6(6) Å3 
Z 4 
Density (calculated) 1.417 Mg/m3 
Absorption coefficient 2.410 mm-1 
F(000) 752 
Crystal size 1.00 x 0.04 x 0.04 mm3 
Theta range for data collection 2.22 to 27.92°. 
Index ranges -23<=h<=24, -7<=k<=7, -14<=l<=20 
Reflections collected 6042 
Independent reflections 3703 [R(int) = 0.0427] 
Completeness to theta = 27.92° 99.9 %  
Absorption correction Empirical 
Max. and min. transmission 0.9098 and 0.1967 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 3703 / 1 / 201 
Goodness-of-fit on F2 1.124 
Final R indices [I>2sigma(I)] R1 = 0.0697, wR2 = 0.0856 
R indices (all data) R1 = 0.0979, wR2 = 0.0929 
Absolute structure parameter 0.052(15) 
Largest diff. peak and hole 0.528 and -0.658 e.Å-3 
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 Table 2.  Atomic coordinates  ( x 104) and equivalent  isotropic displacement parameters (Å2x 103) 
for bc1t.  U(eq) is defined as one third of  the trace of the orthogonalized Uij tensor. 
________________________________________________________________________________  
 x y z U(eq) 
________________________________________________________________________________   
Br(1) 950(1) 1083(2) 10610(1) 46(1) 
O(1) 3147(2) 2927(6) 7625(2) 29(1) 
O(2) 2491(2) 6095(11) 7401(2) 51(1) 
O(3) 4981(3) 3289(7) 8265(3) 45(1) 
C(1) 2610(3) 4355(9) 7755(4) 25(1) 
C(2) 2198(3) 3461(9) 8418(3) 24(1) 
C(3) 1652(3) 4814(9) 8665(4) 31(2) 
C(4) 1272(3) 4135(9) 9321(4) 30(1) 
C(5) 1455(3) 2079(9) 9720(3) 30(2) 
C(6) 1974(3) 645(9) 9463(3) 26(1) 
C(7) 2346(3) 1386(11) 8808(3) 26(1) 
C(8) 3640(3) 3769(9) 7064(3) 27(1) 
C(9) 4198(3) 1968(9) 6961(4) 28(1) 
C(10) 4743(3) 2984(10) 6419(4) 33(2) 
C(11) 5285(3) 4520(10) 6926(4) 36(2) 
C(12) 5354(4) 4601(10) 7761(4) 41(2) 
C(13) 4631(3) 1420(13) 7826(3) 38(2) 
C(14) 3844(3) -230(9) 6577(4) 33(2) 
C(15) 3372(4) 0(10) 5719(4) 43(2) 
C(16) 3678(4) 28(11) 4990(5) 62(2) 
C(17) 2589(4) 165(10) 5724(4) 48(2) 
C(18) 5746(3) 6026(18) 6442(4) 61(2) 
________________________________________________________________________________ 
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 Table 3.   Bond lengths [Å] and angles [°] for  bc1t. 
_____________________________________________________  
Br(1)-C(5)  1.897(5) O(1)-C(1)  1.340(6) 
O(1)-C(8)  1.452(5) O(2)-C(1)  1.171(7) 
O(3)-C(12)  1.368(7) O(3)-C(13)  1.408(8) 
C(1)-C(2)  1.482(7) C(2)-C(7)  1.376(8) 
C(2)-C(3)  1.387(7) C(3)-C(4)  1.397(6) 
C(3)-H(3)  0.9500 C(4)-C(5)  1.382(7) 
C(4)-H(4)  0.9500 C(5)-C(6)  1.383(7) 
C(6)-C(7)  1.398(6) C(6)-H(6)  0.9500 
C(7)-H(7)  0.9500 C(8)-C(9)  1.505(7) 
C(8)-H(8A)  0.9900 C(8)-H(8B)  0.9900 
C(9)-C(13)  1.525(8) C(9)-C(14)  1.533(7) 
C(9)-C(10)  1.539(7) C(10)-C(11)  1.497(8) 
C(10)-H(10A)  0.9900 C(10)-H(10B)  0.9900 
C(11)-C(12)  1.314(8) C(11)-C(18)  1.515(8) 
C(12)-H(12)  0.9500 C(13)-H(13A)  0.9900 
C(13)-H(13B)  0.9900 C(14)-C(15)  1.519(9) 
C(14)-H(14A)  0.9900 C(14)-H(14B)  0.9900 
C(15)-C(16)  1.361(7) C(15)-C(17)  1.457(9) 
C(16)-H(16A)  0.9500 C(16)-H(16B)  0.9500 
C(17)-H(17A)  0.9800 C(17)-H(17B)  0.9800 
C(17)-H(17C)  0.9800 C(18)-H(18A)  0.9800 
C(18)-H(18B)  0.9800 C(18)-H(18C)  0.9800 
 
C(1)-O(1)-C(8) 115.4(4) C(12)-O(3)-C(13) 112.6(5) 
O(2)-C(1)-O(1) 124.4(5) O(2)-C(1)-C(2) 124.6(5) 
O(1)-C(1)-C(2) 110.9(4) C(7)-C(2)-C(3) 119.1(5) 
C(7)-C(2)-C(1) 122.9(5) C(3)-C(2)-C(1) 118.0(5) 
C(2)-C(3)-C(4) 121.0(5) C(2)-C(3)-H(3) 119.5 
C(4)-C(3)-H(3) 119.5 C(5)-C(4)-C(3) 118.2(5) 
C(5)-C(4)-H(4) 120.9 C(3)-C(4)-H(4) 120.9 
C(4)-C(5)-C(6) 122.2(5) C(4)-C(5)-Br(1) 119.7(4) 
C(6)-C(5)-Br(1) 118.1(4) C(5)-C(6)-C(7) 117.9(5) 
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C(5)-C(6)-H(6) 121.0 C(7)-C(6)-H(6) 121.0 
C(2)-C(7)-C(6) 121.5(5) C(2)-C(7)-H(7) 119.2 
C(6)-C(7)-H(7) 119.2 O(1)-C(8)-C(9) 109.3(4) 
O(1)-C(8)-H(8A) 109.8 C(9)-C(8)-H(8A) 109.8 
O(1)-C(8)-H(8B) 109.8 C(9)-C(8)-H(8B) 109.8 
H(8A)-C(8)-H(8B) 108.3 C(8)-C(9)-C(13) 109.5(5) 
C(8)-C(9)-C(14) 111.8(5) C(13)-C(9)-C(14) 108.8(5) 
C(8)-C(9)-C(10) 107.8(4) C(13)-C(9)-C(10) 106.3(5) 
C(14)-C(9)-C(10) 112.5(5) C(11)-C(10)-C(9) 112.2(5) 
C(11)-C(10)-H(10A) 109.2 C(9)-C(10)-H(10A) 109.2 
C(11)-C(10)-H(10B) 109.2 C(9)-C(10)-H(10B) 109.2 
H(10A)-C(10)-H(10B) 107.9 C(12)-C(11)-C(10) 121.8(5) 
C(12)-C(11)-C(18) 120.7(6) C(10)-C(11)-C(18) 117.5(5) 
C(11)-C(12)-O(3) 125.8(6) C(11)-C(12)-H(12) 117.1 
O(3)-C(12)-H(12) 117.1 O(3)-C(13)-C(9) 115.4(6) 
O(3)-C(13)-H(13A) 108.4 C(9)-C(13)-H(13A) 108.4 
O(3)-C(13)-H(13B) 108.4 C(9)-C(13)-H(13B) 108.4 
H(13A)-C(13)-H(13B) 107.5 C(15)-C(14)-C(9) 116.2(5) 
C(15)-C(14)-H(14A) 108.2 C(9)-C(14)-H(14A) 108.2 
C(15)-C(14)-H(14B) 108.2 C(9)-C(14)-H(14B) 108.2 
H(14A)-C(14)-H(14B) 107.4 C(16)-C(15)-C(17) 122.8(7) 
C(16)-C(15)-C(14) 120.4(7) C(17)-C(15)-C(14) 116.8(6) 
C(15)-C(16)-H(16A) 120.0 C(15)-C(16)-H(16B) 120.0 
H(16A)-C(16)-H(16B) 120.0 C(15)-C(17)-H(17A) 109.5 
C(15)-C(17)-H(17B) 109.5 H(17A)-C(17)-H(17B) 109.5 
C(15)-C(17)-H(17C) 109.5 H(17A)-C(17)-H(17C) 109.5 
H(17B)-C(17)-H(17C) 109.5 C(11)-C(18)-H(18A) 109.5 
C(11)-C(18)-H(18B) 109.5 H(18A)-C(18)-H(18B) 109.5 
C(11)-C(18)-H(18C) 109.5 H(18A)-C(18)-H(18C) 109.5 
H(18B)-C(18)-H(18C) 109.5  
_____________________________________________________________ 
  
Symmetry transformations used to generate equivalent atoms:  
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 Table 4.   Anisotropic displacement parameters  (Å2x 103) for bc1t.  The anisotropic 
displacement factor exponent takes the form:  -2π2[ h2 a*2U11 + ...  + 2 h k a* b* U12 ] 
______________________________________________________________________________  
 U11 U22  U33 U23 U13 U12 
______________________________________________________________________________  
Br(1) 36(1)  69(1) 36(1)  16(1) 14(1)  3(1) 
O(1) 34(3)  22(2) 34(2)  12(2) 15(2)  8(2) 
O(2) 51(3)  40(2) 69(3)  26(4) 29(2)  22(3) 
O(3) 49(3)  50(3) 36(3)  1(2) 3(2)  0(2) 
C(1) 23(3)  17(3) 36(3)  0(3) 1(3)  4(2) 
C(2) 23(3)  27(3) 21(3)  -3(2) 1(2)  5(3) 
C(3) 30(4)  23(3) 39(4)  1(3) 9(3)  5(3) 
C(4) 32(4)  30(3) 28(3)  0(3) 10(3)  3(3) 
C(5) 27(4)  42(4) 20(3)  -1(2) 6(3)  -8(3) 
C(6) 35(3)  9(3) 32(3)  -2(2) 2(2)  -3(2) 
C(7) 32(3)  18(3) 28(3)  5(3) 7(2)  1(3) 
C(8) 27(3)  21(3) 32(3)  11(2) 9(3)  0(2) 
C(9) 20(3)  27(3) 38(4)  4(3) 7(3)  7(2) 
C(10) 29(4)  31(3) 40(4)  2(3) 10(3)  -2(3) 
C(11) 28(4)  28(4) 54(4)  -1(3) 13(3)  6(3) 
C(12) 32(4)  34(4) 57(5)  -7(3) 4(3)  -3(3) 
C(13) 35(3)  40(4) 39(3)  8(4) 9(3)  6(4) 
C(14) 26(4)  21(3) 55(4)  -1(3) 16(3)  1(3) 
C(15) 49(5)  26(3) 54(5)  -10(3) 14(4)  -10(3) 
C(16) 57(6)  77(6) 56(5)  -33(4) 18(4)  -17(4) 
C(17) 48(5)  36(4) 59(5)  1(3) 6(4)  5(3) 
C(18) 51(4)  59(4) 77(5)  -17(6) 26(4)  -31(6) 
______________________________________________________________________________ 
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 Table 5.   Hydrogen coordinates ( x 104) and isotropic  displacement parameters (Å2x 10 3) 
for bc1t. 
________________________________________________________________________________  
 x  y  z  U(eq) 
________________________________________________________________________________  
  
H(3) 1534 6222 8383 37 
H(4) 898 5062 9490 36 
H(6) 2075 -799 9724 31 
H(7) 2709 435 8627 31 
H(8A) 3885 5169 7306 32 
H(8B) 3363 4152 6502 32 
H(10A) 5005 1730 6176 40 
H(10B) 4474 3857 5942 40 
H(12) 5693 5665 8038 49 
H(13A) 4297 724 8187 45 
H(13B) 5004 265 7745 45 
H(14A) 4235 -1342 6519 39 
H(14B) 3542 -877 6985 39 
H(16A) 3379 159 4456 75 
H(16B) 4191 -84 5016 75 
H(17A) 2345 405 5142 71 
H(17B) 2485 1451 6082 71 
H(17C) 2412 -1248 5951 71 
H(18A) 5429 6976 6039 91 
H(18B) 6052 5072 6130 91 
H(18C) 6056 7003 6842 91 
________________________________________________________________________________ 
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 Table 6.  Torsion angles [°] for bc1t. 
________________________________________________________________  
C(8)-O(1)-C(1)-O(2) 6.1(9) 
C(8)-O(1)-C(1)-C(2) -172.7(5) 
O(2)-C(1)-C(2)-C(7) 178.7(6) 
O(1)-C(1)-C(2)-C(7) -2.5(8) 
O(2)-C(1)-C(2)-C(3) -2.8(10) 
O(1)-C(1)-C(2)-C(3) 176.0(5) 
C(7)-C(2)-C(3)-C(4) 2.5(9) 
C(1)-C(2)-C(3)-C(4) -176.2(5) 
C(2)-C(3)-C(4)-C(5) 0.0(9) 
C(3)-C(4)-C(5)-C(6) -3.0(9) 
C(3)-C(4)-C(5)-Br(1) -179.6(4) 
C(4)-C(5)-C(6)-C(7) 3.4(9) 
Br(1)-C(5)-C(6)-C(7) -179.9(4) 
C(3)-C(2)-C(7)-C(6) -2.1(9) 
C(1)-C(2)-C(7)-C(6) 176.5(5) 
C(5)-C(6)-C(7)-C(2) -0.8(8) 
C(1)-O(1)-C(8)-C(9) -178.5(5) 
O(1)-C(8)-C(9)-C(13) -60.5(6) 
O(1)-C(8)-C(9)-C(14) 60.1(6) 
O(1)-C(8)-C(9)-C(10) -175.7(5) 
C(8)-C(9)-C(10)-C(11) 78.4(7) 
C(13)-C(9)-C(10)-C(11) -38.9(7) 
C(14)-C(9)-C(10)-C(11) -157.8(5) 
C(9)-C(10)-C(11)-C(12) 11.9(8) 
C(9)-C(10)-C(11)-C(18) -167.0(6) 
C(10)-C(11)-C(12)-O(3) 2.8(10) 
C(18)-C(11)-C(12)-O(3) -178.4(6) 
C(13)-O(3)-C(12)-C(11) 14.5(9) 
C(12)-O(3)-C(13)-C(9) -47.3(7) 
C(8)-C(9)-C(13)-O(3) -56.6(6) 
C(14)-C(9)-C(13)-O(3) -179.1(5) 
C(10)-C(9)-C(13)-O(3) 59.6(6) 
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C(8)-C(9)-C(14)-C(15) 57.5(7) 
C(13)-C(9)-C(14)-C(15) 178.5(5) 
C(10)-C(9)-C(14)-C(15) -64.0(7) 
C(9)-C(14)-C(15)-C(16) 82.3(7) 
C(9)-C(14)-C(15)-C(17) -98.2(7) 
________________________________________________________________  
Symmetry transformations used to generate equivalent atoms:  
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XIa R = t-Bu
XIb R = CHPh2 (THF adduct)
Ar = 2,4,6-i-Pr3C6H2
VIIIa R = i-Pr R' = Ph
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Appendix B Enantiomerically Pure Catalysts for Olefin Metathesis
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Chapter Two 
Highly Reactive and Enantioselective Stereogenic-at-Mo Catalysts for 
Olefin Metathesis and Application to Enantioselective Synthesis of 
Quebrachamine1 
2.1 Introduction 
 The field of catalysis is of utmost importance in modern chemical synthesis.  The 
use of catalysts to effect transformations not only renders reactions more atom-
economical, it also permits access to new levels or types of reactivity.  The ability to tune 
the steric and electronic attributes of the catalyst structure is further enabling, as it 
potentially allows for an increase in the selectivity (chemo-, regio-, diastereo-, or 
enantioselectivity) of a given process. 
 Indeed, olefin metathesis reactions would not even be possible without the metal-
based catalysts that carry them out.  In this regard, the development of well-defined Ru-
carbenes by Grubbs and Mo- and W-alkylidenes by Schrock were milestones in olefin 
metathesis.2  With complexes of defined structure, modifications to the catalyst 
architecture permit more active, selective, and/or longer-living catalysts to be obtained; 
fundamentally new processes have also been garnered.  Two such examples are shown 
below (Scheme 2.1).  Replacement of a phosphine ligand in Ru complex III with an N-
heterocyclic carbene (NHC) has led to a substantially more reactive catalyst in IV, 
perhaps due to an increased rate of olefin association/dissociation as proposed by 
Grubbs.3  Exchanging the hexafluoro-t-butoxide ligands in Mo-based catalyst I with a 
chiral biphenolate ligand in VIIIa allowed for the first highly enantioselective olefin 
metathesis transformations.4 
                                                            
(1) (a) Malcolmson, S. J.; Meek, S. J., Sattely, E. S.; Schrock, R. R.; Hoveyda, A. H. Nature 2008, 456, 
933-937. (b) Sattely, E. S.; Meek, S. J.; Malcolmson, S. J.; Schrock, R. R.; Hoveyda, A. H. J. Am. Chem. 
Soc. 2009, 131, 943-953. 
(2) Handbook of Metathesis; Grubbs, R. H., Ed.; Wiley-VCH: Weinheim, 2003. 
(3) Scholl, M.; Ding, S.; Lee, C. W.; Grubbs, R. H. Org. Lett. 1999, 1, 953-956. 
(4) Alexander, J. B.; La, D. S.; Cefalo, D. R.; Hoveyda, A. H.; Schrock, R. R. J. Am. Chem. Soc. 1998, 120, 
4041-4042. 
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 We have already witnessed how complex VIIIa and its derivatives have enabled 
enantioselective ring-closing metathesis (RCM) of vinyl ether-containing substrates in 
Chapter 1.  While enantioselectivities vary from poor to excellent (61.5:38.5-97:3 er), 
reactivity with Mo, as well as Ru, catalysts is low: high catalyst loadings (5-20 mol %) 
and/or prolonged reaction times (6-24 h) are required.  Other Mo-catalyzed 
enantioselective RCM metathesis reactions have also proven troublesome in terms of 
efficiency, although high enantioselectivity can be achieved.5 
 With these data in mind, we embarked on a total synthesis of Aspidosperma 
alkaloid quebrachamine.6  The synthesis route, as envisioned by Beth Sattely, was 
designed to challenge the current state-of-the-art chiral olefin metathesis catalysts by a 
demanding late-stage desymmetrization (Scheme 2.2);1b,6 RCM of triene 2.1 would 
furnish tetracycle 2.2, which can then be hydrogenated to afford quebrachamine (97% 
yield).  Several factors contribute to the difficulty of the ring-closure: first, after likely 
initiating at the less-hindered allylic amine in 2.1, the catalyst must then coordinate one 
of the vinyl groups at the sterically congested all-carbon quaternary center to access the 
stereogenic center in 2.2.  Previously, we had only examined the generation of all-carbon 
quaternary stereogenic centers in the course of our enol ether RCM studies (Chapter 1), 
but in those cases, the two enantiotopic olefins were not as close to the quaternary carbon 
as in 2.1.  Second, triene 2.1, as well as the product of the RCM, contains a Lewis basic 
                                                            
(5) Substrates that bear Lewis basic amines often require high catalyst loadings and prolonged reaction 
times; see: Sattely, E. S.; Cortez, G. A.; Moebius, D. C.; Schrock, R. R.; Hoveyda, A. H. J. Am. Chem. Soc. 
2005, 127, 8526-8533. 
(6) For details regarding quebrachamine and other Aspidosperma alkaloids, see: Sattely, E. S., Ph. D. 
Thesis, Chapter 3 (Boston College, 2007). 
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tertiary amine, which is known to deactivate Ru- as well as Mo-based olefin metathesis 
catalysts.7  Finally, because tetracycle 2.2 includes a bridged [6.3.1] ring system, it 
therefore contains a good deal of strain energy that must be overcome by the catalyst in 
the RCM from triene 2.1.  The metallacyclobutane intermediate is likely even more 
strained than 2.2, making the transition state leading from 2.1 to the metallacycle quite 
high in energy. 
 
2.2 Performance of achiral catalysts for the demanding RCM of triene 2.1 
 We began studying the ring-closing metathesis of tertiary amine 2.1 by surveying 
the available achiral catalysts (for catalyst structures, see Appendix A at the conclusion of 
the chapter).  As shown in Table 2.1, 30 mol % of Mo catalyst I8 is required in order to 
achieve full consumption of 2.1 within two hours (entry 1); although there is complete 
disappearance of the starting material, tetracycle 2.2 is only isolated in 59% yield as a 
number of byproducts are formed in the reaction.9  Ru-based complexes fair slightly 
better: with 5 mol % of catalysts IV3 or VIa,10 67-75% conversion can be achieved 
within six hours (entries 2-3) and the isolated yields of 2.2 are much more reflective of 
the conversion; the reaction with VIa does not proceed any further after nine hours, 
indicating that catalyst decomposition might be a problem in the RCM of 2.1.  By 
increasing the catalyst loading of VIa to 7.5 mol %, the reaction proceeds nearly to 
                                                            
(7) (a) Compain, P. Adv. Synth. Catal. 2007, 349, 1829-1846. (b) Sattely, E. S., Ph. D. Thesis, Chapter 2 
(Boston College, 2007). 
(8) Schrock, R. R.; Hoveyda, A. H. Angew. Chem., Int. Ed. 2003, 42, 4592-4633 and references cited 
therein. 
(9) The identity of the byproducts was never positively confirmed. 
(10) Garber, S. B.; Kingsbury, J. S.; Gray, B. L.; Hoveyda, A. H. J. Am. Chem. Soc. 2000, 122, 8168-8179. 
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completion (94% conversion) and the desired diene is isolated in 83% yield (entry 4).  
The sterically less-hindered N-aryl rings of NHC-based catalyst VIb11 likely lead to a 
faster rate of decomposition without resulting in a more efficient ring-closure (entry 5). 
Finally, the faster initiating catalysts VIIa12 and VIIb13 are capable of consuming triene 
2.1 much more rapidly than IV or VIa-b, although once again the isolated yields of 
tetracycle 2.2 are low compared to the conversion of substrate (entries 6-7).  These data 
indicate that if the RCM of amine 2.1 is not sufficiently fast, decomposition of the active 
catalyst likely occurs and significant side reactions may be observed. 
 
2.3 Enantioselective RCM with state-of-the-art chiral catalysts 
 While the ring-closing metatheses highlighted in Table 2.1 have enabled us to 
complete a synthesis of racemic quebrachamine according to the sequence in Scheme 2.2, 
we were anxious to see how our repertoire of chiral catalysts would perform in the 
demanding transformation that delivers 2.2.  In most metatheses examined thus far, chiral 
Mo- and Ru- based catalysts (Appendix B, found at the end of the chapter) have been less 
                                                            
(11) Stewart, I. C.; Ung, T.; Pletnev, A. A.; Berlin, J. M.; Grubbs, R. H.; Schrodi, Y. Org. Lett.  2007, 9, 
1589-1592. 
(12) Wakamatsu, H.; Blechert, S. Angew. Chem., Int. Ed. 2002, 41, 2403-2405. 
(13) Grela, K.; Harutyunyan, S.; Michrowska, A. Angew. Chem., Int. Ed. 2002, 41, 4038-4040. 
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reactive than their achiral counterparts (Appendix A); the RCM of tertiary amine 2.1 was 
no exception. 
 In the presence of all chiral Mo diolate catalysts examined8 (entries 1-9, Table 
2.2), there is <5% conversion of triene 2.1, in some cases even at 80 °C with 50 mol % of 
the Mo complex.  Typically in olefin metathesis with chiral Ru-based complexes, those 
catalysts bearing a chloride ligand are more reactive but are less enantioselective than the 
corresponding iodide catalysts;14 however, regardless of the identity of the halide, 
enantioselectivities are universally low (<55:45 er, entries 10-16) in the RCM of 2.1.  
Chloride-bearing catalysts are more efficient (entries 10, 12, and 14-15) with bidentate 
NHC catalysts XVIa15 and XVIIa14c capable of delivering >98% conversion of amine 
2.1, albeit at 80 °C.  (Isolated yields of 2.2 are again much lower than the observed 
conversion, 51-54% yield.) 
 The data attest to the challenge of our planned ring-closing metathesis.  The 
lackluster performance of the available chiral catalysts could be construed as 
disappointing.  Rather, we saw it as an opportunity to develop a new class of more 
reactive catalysts.  The realization of this goal is outlined in the remainder of this chapter. 
                                                            
(14) (a) Seiders, T. J.; Ward, D. W.; Grubbs, R. H. Org. Lett. 2001, 3, 3225-3228. (b) Gillingham, D. G.; 
Kataoka, O.; Garber, S. B.; Hoveyda, A. H. J. A m. C hem. Soc. 2004, 126, 12288-12290. (c) Van 
Veldhuizen, J. J.; Campbell, J. E.; Giudici, R. E.; Hoveyda, A. H. J. Am. Chem. Soc. 2005, 127, 6877-6882. 
(d) Funk, T. W.; Berlin, J. M.; Grubbs, R. H. J. Am. Chem. Soc. 2006, 128, 1840-1846. 
(15) Van Veldhuizen, J. J.; Gillingham, D. G.; Garber, S. B.; Kataoka, O.; Hoveyda, A. H. J. Am. Chem. 
Soc. 2003, 125, 12502-12508. 
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2.4 Considerations for design of a more reactive class of olefin metathesis catalysts 
   We decided to focus initially on Mo-based complexes since they have 
historically been more successful for enantioselective RCM than Ru-based catalysts. To 
begin to design a more efficient chiral catalyst, we first considered why achiral Mo 
complex I is typically more reactive than its chiral derivatives (e.g., VIIIa).  On 
examination of the catalytic cycle, we came to an important realization: as complex A 
(Scheme 2.3) coordinates an olefin and goes on to form metallacyclobutane B (in 
equilibrium with C), the geometry of the metal must change from the four-coordinate 
tetrahedral A to five-coordinate species B (trigonal bipyramidal, TBP) and C (square 
pyramidal, SP).  Since bis-alkoxide A bears only monodentate ligands, the rearrangement 
of these ligands about the metal center may be facile.  For chiral complex D, however, 
there is an additional constraint imposed by the rigid bidentate diolate ligand.  TBP 
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structure E and SP structure F might be considerably more strained and, in some cases, 
the transition state to access these geometries might be prohibitively high.  Thus, 
although chiral rigid bidentate ligands, particularly C2-symmetric ligands, may limit the 
number of possible transition state structures, and thus provide a high degree of 
enantioselectivity,16 this may come at the price of reduced catalytic activity.  Therefore, 
we reasoned that if the strain imposed by the bidentate ligand could be reduced, a more 
reactive catalyst might be obtained. 
 
 Before delving into a discussion of our explorations for a more reactive class of 
catalysts, the remarkable impact that Mo bis-pyrrolide complexes has had on the way we 
conduct research must be noted.  Mo bis-pyrrolides, represented by 2.3a-b and 2.4a-b 
(Scheme 2.4), were originally developed as a milder way to access bis-alkoxide and 
diolate complexes.17  Previously, deprotonated alcohols or diols were slowly added to a 
                                                            
(16) This dogma has been initiated and popularized by Henri Kagan; see: (a) Kagan, H. B.; Dang, T-P. J. 
Am. Chem. Soc. 1972, 94, 6429-6433. 
(17) (a) Hock, A. S.; Schrock, R. R.; Hoveyda, A. H. J. A m. C hem. Soc. 2006, 128, 16373-16375. (b) 
Singh, R.; Czekelius, C.; Schrock, R. R.; Müller, P.; Hoveyda, A. H. Organometallics 2007, 26, 2528-
2539. 
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solution of a sensitive Mo bis-triflate;8 the procedure was somewhat cumbersome and 
unwanted side reactions sometimes accompanied the desired process, in some cases 
making isolation of the product impossible (e.g., for preparing complexes with a 2,6-
dibromoarylimido ligand).  Instead, as shown in Scheme 2.4, Mo bis-pyrrolide 2.5 may 
simply be treated with one equivalent of diol 2.6 to generate Mo complex 2.7, liberating 
two equivalents of pyrrole as byproduct; the reaction is easily executed and is rapid, 
driven by the pKa difference between pyrrole and a phenol. 
 
Moreover, subsequent studies indicated that catalysts may be prepared in situ , 
without the need for isolation, and reactivity and enantioselectivity are identical to that 
observed with isolated complexes.18  This process permits a rapid screening of new 
catalyst candidates, even of complexes which would not otherwise be isolable.  We thus 
employed this strategy in our catalyst search. 
Our first thought was to make the tether of the diolate ligand more flexible, 
arguing that this would lead to increased fluxionality of the complex, lowering the energy 
of the transition state to access metallacycles such as E and F (Scheme 2.3).  The 
biphenolate ligand in Mo complex 2.7 contains four sp2-hybridized carbons, which leads 
                                                            
(18) Pilyugina, T., Ph. D. Thesis, Chapter 3 (Massachusetts Institute of Technology, 2007).  
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to a very rigid structure.  We argued that a ligand with sp3 carbons should be more 
flexible; this thought process led us to taddol 2.8 (Scheme 2.5).19  When combined with 
Mo bis-pyrrolide 2.4a, bearing an adamantylimido ligand, Mo taddolate complex 2.9 is 
generated (confirmed by 400 MHz 1H NMR studies).  With 20 mol % 2.9, generated in 
situ, there is 23% conversion of triene 2.1 to quebrachamine precursor 2.2 (Scheme 2.5).  
Although there is low conversion and no enantioselection, the result is noteworthy as 
catalyst 2.9 is the first chiral Mo complex capable of catalyzing the RCM of 2.1, 
indicating that we were moving in the right direction. 
 
2.5 Mo-based catalysts bearing only monodentate ligands 
To increase the reactivity of the catalyst further, we thought that rather than 
making a more flexible tethered ligand, we could instead investigate catalysts where the 
tether has been broken, i.e., complexes that bear only monodentate ligands.  There were 
two possible avenues that we could explore (Scheme 2.6): (1) we could replace the chiral 
diolate with two of the same chiral monodentate alcohol (L), resulting in a catalyst that, 
                                                            
(19) For a review of taddol ligands for stereoselective synthesis, see: (a) Seebach, D.; Beck, A. K.; Heckel, 
A. Angew. Chem., Int. Ed. 2001, 40, 92-138.  For a previous example of a Mo-based taddolate complex, 
see: McConville, D. H.; Wolf, J. R.; Schrock, R. R. J. Am. Chem. Soc. 1993, 115, 4413-4414. 
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just as with the C2-symmetric diolates, does not contain a stereogenic metal center (A), or 
(2) we could substitute the diolate with one chiral monodentate alcohol (L) and one other 
ligand (L1), which might be chiral or achiral, thus rendering a catalyst with a stereogenic 
Mo center (B). 
 
 Of the two options, stereogenic-at-Mo complexes20 (B, Scheme 2.6) are 
potentially the more difficult pursuit, especially if catalysts are to be prepared in s itu.  
With a chiral ligand and a stereogenic metal center, there is the possibility of forming 
diastereomers of the catalyst, which may lead to competing processes in an olefin 
metathesis reaction.  Thus, in the simplest analysis, the catalyst synthesis must either be 
highly diastereoselective or the two diastereomers of the catalyst must react at very 
different rates. 
 Although stereogenic-at-Mo complexes might be the more challenging of the two 
courses, we were inspired to follow this pathway based on recent theoretical studies by 
Odile Eisenstein and coworkers.21  In their seminal work, they describe that the key to 
high reactivity in high oxidation state olefin metathesis catalysts (e.g., Mo alkylidenes) is 
to have electronic dissymmetry at the metal center.22  Namely, besides the alkylidene and 
                                                            
(20) For reviews of stereogenic-at-metal complexes, see: (a) Knof, U.; von Zelewsky, A. Angew. Chem., 
Int. Ed. 1999, 38, 302-322. (b) Brunner, H. Angew. Chem., In t. Ed . 1999, 38, 1194-1208. (c) Ganter, C. 
Chem. Soc. Rev. 2003, 32, 130-138. (d) Fontecave, M.; Hamelin, O.; Ménage, S. Top. Organomet. Chem. 
2005, 15, 271-288. 
(21) (a) Solans-Monfort, X.; Clot, E.; Copéret; C., Eisenstein, O. J. Am . Chem . Soc.  2005, 127, 14015-
14025. (b) Poater, A.; Solans-Monfort, X.; Clot, E.; Copéret, C.; Eisenstein, O. J. Am. Chem. Soc. 2007, 
129, 8207-8216. (c) Solans-Monfort, X.; Copéret, C.; Eisenstein, O. J. Am. Chem. Soc. 2010, 132, 7750-
7757. 
(22) Another reaction where electronic dissymmetry at the metal center is crucial (here in terms of 
enantioselectivity) is Pd-catalyzed enantioselective allylic substitution; the use of phox ligands leads to 
much higher enantioselectivity than bis-phosphines.  In this case, however, the Pd-π-allyl complex is 
square planar so that the Pd is not a stereogenic center; see: Helmchen, G.; Pfaltz, A. Acc. Chem. Res. 2000, 
33, 336-345. 
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imido groups, the catalyst should bear one ligand that is a good σ-donor (D in 2.10, 
Scheme 2.7) and one that is a good electron acceptor (A in 2.10, Scheme 2.7). 
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Scheme 2.7 Theoretical calculations predict that electronic dissymmetry at the metal
should lead to a more efficient catalytic cycle
 
 Because complex 2.10 is tetrahedral, it does not have an open ligation site for an 
incoming olefin; therefore, the complex must first distort to accommodate the 
coordination of a fifth ligand.  In such a case, the optimal scenario is to have 
electronically disparate ligands (D and A).  For a metathesis reaction to occur, the alkene 
must coordinate either trans to the donor ligand or trans to the acceptor.23  The former is 
greatly preferred for two reasons: (1) in TS-2.1, the olefin is still quite distant to the metal 
center such that the donor ligand interacts with the most available metal orbital (axial 
position), stabilizing the essentially vacant site trans to it (trans effect); (2) placing the 
acceptor ligand in the equatorial plane means that the other strongly σ-donating 
equatorial ligands, the imido and alkylidene, will not have to compete as greatly for the 
same orbitals as they would if the donor ligand were equatorial.  Thus, the energy of TS-
2.1 is lowered by the electronically dissymmetric distortion compared to all other 
possible ligand combinations: (1) the reverse distortion where A is axial and D equatorial, 
                                                            
(23) Although an olefin might coordinate trans to the imido ligand, rotation of the alkylidene into the 
appropriate conformation for metallacycle formation is prohibitively high in energy; see reference 21. 
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(2) having two donor ligands, or (3) having two acceptor ligands, as in catalyst I and all 
chiral diolate catalysts.  Olefin complex 2.11 is thereby accessed more readily, leading to 
metallacyclobutane 2.12, calculated to be the lowest energy intermediate in the catalytic 
cycle.  Here, if the energy well is too deep, the catalyst might become trapped, but once 
again electronic dissymmetry helps to overcome this obstacle.  With the donor ligand 
positioned trans to the metallacyclobutane, the energy of the intermediate is raised 
compared to having the acceptor ligand in the same position, lowering the energetic 
barrier to metallacyclobutane decomposition (trans effect).  Olefin complex 2.13 is 
generated, which then proceeds to tetrahedral 2.14, again facilitated by the donor ligand.  
According to the calculated energy diagram, any of the elementary steps might be 
turnover limiting, but all are facilitated by electronic dissymmetry at the metal center, 
leading to an overall more efficient catalytic cycle. 
 An interesting corollary to the mechanism put forth by Eisenstein and coworkers 
is that for every olefin metathesis event, the stereochemistry at the metal center is 
inverted (compare 2.10 and 2.14, Scheme 2.7).  At first glance, this stereo-inversion 
might be disconcerting: with a chiral ligand, both diastereomers of the catalyst would be 
accessed on a regular basis.  On a more in depth examination, however, one might take 
comfort that in most simple olefin metathesis reactions, there are two metathesis events. 
For example, in a typical ring-closing metathesis reaction (Scheme 2.8), initiation of the 
catalyst (2.10) with a substrate will lead to metallacycle 2.15, which will then break down 
to alkylidene 2.16 (first inversion).  Coordination of the pendant olefin and cycloaddition 
will then form metallacyclobutane 2.17 and on formation of the ring-closed product, 
tetrahedral 2.10 will be regenerated (second inversion).  Thus, in this high fidelity 
catalytic cycle, only one diastereomer of catalyst should be available for a particular 
elementary step. 
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2.6 Examples of stereogenic-at-metal catalysts and reagents for enantioselective 
synthesis 
 Synthesis of stereogenic-at-metal complexes has been a subject of considerable 
interest to the organometallic community.20  Their use as catalysts for enantioselective 
synthesis has been far less explored, however, especially for complexes that bear only 
monodentate ligands.  Most stereogenic-at-metal catalysts contain bidentate ligands and 
are “half-sandwich” Ru-based complexes (Chart 2.1), although tridentate complexes, 
such as Jacobsen’s Cr-based hetero-Diels-Alder catalyst (Chapter 1, Scheme 1.4),24 are 
also known.  Probably the most well-known and successful of the Ru catalysts is 
Noyori’s diamine-based catalyst for transfer hydrogenation (2.18, Chart 2.1).25  Other 
select examples include Brunner’s Schiff-base complex (2.19) for enantioselective olefin 
                                                            
(24) Gademann, K.; Chavez, D. E.; Jacobsen, E. N. Angew. Chem., Int. Ed. 2002, 41, 3059-3061. 
(25) Noyori, R. Angew. Chem., Int. Ed. 2002, 41, 2008-2022. 
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isomerization26 and Faller’s binap-derived 2.2027 along with Davies’ oxazoline-based 
complex 2.2128 for [4+2]-cycloaddition reactions.  Two other examples are NHC 
complexes disclosed from our group: Ru complex XVIIb14c for olefin metathesis and 
tetrahedral Zn complex 2.2229 for allylic alkylation.30  In all cases except XVIIb, the 
catalyst acts merely as a Lewis acid and the stereochemistry at the metal center is 
retained throughout the course of the reaction.  For stereogenic-at-Ru olefin metathesis 
catalyst XVIIb, the metal center also undergoes inversion of configuration with each 
olefin metathesis event (just as with Mo).31  The success of bidentate NHCs in Ru-
catalyzed olefin metathesis is probably owed to the alternating stereochemistry at the 
metal center during the reaction, providing diastereomers of differential reactivity. 
 
                                                            
(26) Brunner, H.; Prommesberger, M. Tetrahedron: Asymmetry 1998, 9, 3231-3239. 
(27) Faller, J. W.; Grimmond, B. J.; D’Alliessi, D. G. J. Am. Chem. Soc. 2001, 123, 2525-2529. 
(28) Davies, D. L.; Fawcett, J.; Garratt, S. A.; Russell, D. R. Chem. Commun. 1997, 1351-1352. 
(29) Lee, Y.; Li, B.; Hoveyda, A. H. J. Am. Chem. Soc. 2009, 131, 11625-11633.  
(30) For a stereogenic-at-Ir complex with a bidentate ligand, used in enantioselective allylic amination 
reactions, that differs considerably from the catalyst structures in Chart 2.1, see:  Leitner, A.; Shekhar, S.; 
Pouy, M. J.; Hartwig, J. F. J. Am. Chem. Soc. 2005, 127, 15506-15514. 
(31) For a discussion of this concept and application of a closely-related stereogenic-at-Ru olefin 
metathesis catalyst for sequence-selective polymerization reactions, see: Bornand, M.; Chen, P. Angew. 
Chem., Int. Ed. 2005, 44, 7909-7911. 
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 To the best of our knowledge, there is only one example of a stereogenic-at-metal 
catalyst that has only monodentate ligands being employed in an enantioselective 
reaction.  In 1990, Brunner and coworkers reported Fe-based catalyst 2.23 for the 
hydrosilylation of ketones, in the presence of diphenylsilane (Scheme 2.9).32  No 
enantioselectivity is observed as the phosphine must dissociate from the metal in order 
for the reaction to take place and racemization of the complex is faster than the rate of the 
reaction. 
 The Gladysz group has successfully employed stereogenic-at-Re complex 2.24 as 
a stoichiometric reagent for a number of stereoselective transformations; the conjugate 
addition shown in Scheme 2.9 is representative.33  The methyl group of 2.24 may be 
protonated from the metal with tetrafluoroboric acid and the carbonyl of cyclohexenone 
coordinate to the cationic Re stereoselectively to deliver 2.25.  Conjugate addition of 
diphenylcuprate and protonation of the enolate with HI generates enantioenriched 2.26 
and stereogenic-at-Re complex 2.27.  Both the sense and level of stereoselectivity depend 
largely on the nature of the cuprate and the solvent employed. 
                                                            
(32) Brunner, H.; Fisch, K. Angew. Chem., Int. Ed. Engl. 1990, 29, 1131-1132. 
(33) (a) Wang, Y.; Gladysz, J. A. J. Org. Chem. 1995, 60, 903-909.  For select additional transformations 
promoted by this class of Re-based complexes, see: (b) Stark, G. A.; Arif, A. M.; Gladysz, J. A. 
Organometallics 1994, 13, 4523-4530. (c) Peng, T-S.; Arif, A. M.; Gladysz, J. A. J. Chem. Soc., Dalton 
Trans. 1995, 1857-1865. (d) Cagle, P. C.; Meyer, O.; Vichard, D.; Weickhardt, K.; Arif, A. M.; Gladysz, J. 
A. Organometallics 1996, 15, 194-204. (e) Stark, G. A.; Gladysz, J. A. Inorg. Chim. Acta 1998, 269, 167-
180. 
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2.7 Stereogenic-at-Mo complexes: proof of concept and design of a chiral alcohol 
ligand 
 From these examples of stereogenic-at-metal catalysts, it is clear that the proposed 
Mo complexes are distinct in structure. Thus, there were few leads to follow when 
considering what groups we might explore as donor and acceptor ligands for the 
stereogenic-at-Mo catalysts (Scheme 2.7).  Around the time we began pondering this 
question, we discovered that Mo-based rac-II (Scheme 2.10) is an efficient catalyst for 
endo-selective ring-closing enyne metathesis.34  We deduced that in rac-II, the 
hexafluoro-t-butoxide ligand might serve as an efficient acceptor and the pyrrolide 
ligand, having nitrogen as the ligated atom, a reasonable donor.  Therefore we explored 
rac-II in the RCM of triene 2.1 (Scheme 2.10).  In comparison to bis-alkoxide complex I, 
which requires 30 mol % catalyst loading to prepare tetracycle 2.2 in only 59% yield (2 
                                                            
(34) (a) Singh, R.; Schrock, R. R.; Müller, P.; Hoveyda, A. H. J. Am. Chem. Soc. 2007, 129, 12654-12655.  
For a full account of this work, see: (b) Lee, Y-J.; Schrock, R. R.; Hoveyda, A. H. J. Am. Chem. Soc. 2009, 
131, 10652-10661.  For examples of racemic stereogenic-at-Ru olefin metathesis catalysts that bear only 
monodentate ligands, see: (c) Fürstner, A.; Liebl, M.; Lehmann, C. W.; Picquet, M.; Kunz, R.; Bruneau, C.; 
Touchard, D.; Dixneuf, P. H. Chem. E ur. J. 2000, 6, 1847-1857. (d) Conrad, J. C.; Parnas, H. H.; 
Snelgrove, J. L.; Fogg, D. E. J. Am. Chem. Soc. 2005, 127, 11882-11883. 
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h), RCM in the presence of 1 mol % rac-II proceeds to >98% conversion in 1 h, 
delivering 2.2 in 79% yield. 
 
 From these results, we were certain that the theory of electronic dissymmetry 
increasing catalyst activity could be put into practice and that a pyrrolide ligand may 
serve as an effective σ-donor.  What was not immediately clear, however, is how we 
might render such a complex enantiomerically pure.  After several discussions and many 
failed attempts to employ terpene-derived alcohols, we came to the realization that a 
protected chiral diol could serve as a monodentate chiral alcohol (Scheme 2.11).  
Furthermore, mono-protected alcohols could be readily accessed from several diols that 
we had already employed as chiral ligands for our Mo catalysts.  Diols, such as binol, are 
inexpensive starting materials that are readily modifiable.  By introducing a protecting 
group on one hydroxyl we could arrive at alcohol A, which might be functionalized at the 
3 and 3′ positions in any number of ways to deliver B; both functionalizations introduce 
several points of diversity.  Finally, the binol derivative may be partially hydrogenated to 
modify the steric and electronic structure of the ligand (C). 
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 While this method of generating a chiral alcohol was a revelation to us, a handful 
of others had already employed monodentate chiral alcohols in enantioselective catalysis 
(Chart 2.2); however, it should be noted that the use of any chiral monodentate alcohol as 
a ligand for a metal-catalyzed process is rare, especially compared to the number of 
diamine, diol, and amino-alcohol ligands.  To the best of our knowledge, the only 
examples of monodentate alcohols functioning as ligands are depicted in Chart 2.2.  
Several points are noteworthy: (1) for all complexes, the alcohol is ligated to a main 
group element, which is almost exclusively Al, with the only exception being the Sn 
Lewis acid (2.32) utilized by Yamamoto for enantioselective polyprenoid cyclization;35 
(2) save for the first example of a chiral alcohol ligand by Koga (menthol in Al-based 
catalyst 2.28),36 all other complexes are monodentate phenols; (3) in most cases, 
enantioselectivity is moderate to poor, especially with Al-aryloxide 2.29,37 where a nearly 
racemic mixture is obtained; a dimeric form of the complex delivered a much more 
selective reaction; (4) in addition, Yamamoto’s complexes 2.30,38 2.31,39 and 2.32 can be 
                                                            
(35) Ishihara, K.; Nakamura, S.; Yamamoto, H. J. Am. Chem. Soc. 1999, 121, 4906-4907.  
(36) (a) Hashimoto, S-I.; Komeshima, N.; Koga, K. J. Chem. Soc., Chem. Commun. 1979, 437-438. (b) 
Takemura, H.; Komeshima, N.; Takahashi, I.; Hashimoto, S-I.; Ikota, N.; Tomioka, K.; Koga, K. 
Tetrahedron Lett. 1987, 28, 5687-5690. 
(37) Tayama, E.; Saito, A.; Ooi, T.; Maruoka, K. Tetrahedron 2002, 58, 8307-8312. 
(38) Maruoka, K.; Saito, S.; Yamamoto, H. J. Am. Chem. Soc. 1995, 117, 1165-1166. 
(39) Saito, S.; Kano, T.; Hatanaka, K.; Yamamoto, H. J. Org. Chem. 1997, 62, 5651-5656. 
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used as reagents for enantioselective synthesis but must be employed in stoichiometric 
quantities.  Thus, the types of alcohol ligands that we were looking to apply to Mo-
catalyzed olefin metathesis had met with limited success in enantioselective catalysis up 
to that point, although, to the best of our knowledge, a chiral monodentate alcohol had 
never been used as a ligand for a transition metal complex. 
 
2.8 Diastereoselective catalyst synthesis and enantioselective RCM of a model 
substrate 
 Although many stereogenic-at-metal complexes, bearing only monodentate 
ligands, had already been prepared (e.g., Fe catalyst 2.23, Scheme 2.9), their 
stereoselective synthesis has not been accomplished – in all cases a mixture of 
compounds, comprising stereoisomers at the metal center, is separated by resolution.20  
As described in section 2.5, stereoselective catalyst synthesis was one of our top concerns 
since we were looking to prepare the complexes in situ  and a mixture of catalyst 
diastereomers might lead to detrimental differential reactivity.  It was thus with great 
relief that phenol 2.33, derived from an intermediate in the synthesis of Mo-diolate 
complex X, when combined with bis-pyrrolide 2.3a, delivers stereogenic-at-Mo 2.34a 
with 19:1 diastereoselectivity (Scheme 2.12).  Complex 2.34b, however, is prepared 
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much less selectively (7:1 dr) from 2,5-dimethyl-bis-pyrrolide 2.3b.  The partially 
hydrogenated alcohol 2.35 furnishes 2.36a-b with similar trends in selectivity.  All ligand 
exchanges are efficient (≥95% conversion within 1 h) and none of the bis-aryloxide can 
be detected even under forcing conditions (excess of 2.33 or 2.35 at 60 °C for extended 
reaction times).  The identity of the major diastereomer of complex 2.36b (configuration 
at the metal depicted in Scheme 2.12) was determined by X-ray crystallography (see 
section 2.14 for details); the stereochemistry of the major diastereomer of all other 
complexes is inferred from this structure.40 
 
 Although the bis-aryloxide complex of alcohol 2.35 cannot be prepared through 
ligand exchange with a bis-pyrrolide, the potassium phenolate of 2.35 may displace the 
                                                            
(40) Although this is not a rigorous stereochemical proof for other stereogenic-at-Mo complexes, especially 
for those that contain an unsubstituted pyrrolide ligand, it is likely that the major diastereomer in most 
complexes has the S-configuration at the metal center as in 2.36b. 
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triflate ligands of Mo bis-triflate complex 2.5741 to deliver 2.37 (unpublished work of 
Smaranda Marinescu, MIT).  The crystal structure of 2.37 (Figure 2.1), obtained by 
Smaranda, confirms that the complex is an anti-alkylidene isomer and shows, as one 
might expect, how sterically congested the bis-aryloxide is.42 
 
To the best of our knowledge, the transformations shown in Scheme 2.12 
represent the first examples of stereoselective synthesis of stereogenic-at-metal 
complexes bearing only monodentate ligands, and we were therefore interested in 
investigating how the structure of both the phenol and the bis-pyrrolide impacted the 
diastereoselectivity.  We initially examined variations in the phenol ligand and in 
particular, the importance of the halide substituents; subsequently, we investigated how 
the substitution pattern of the phenol affects catalysis.  As shown in Chart 2.3, removing 
the two bromides from 2.35 leads to a complete loss of stereoselectivity with 
unsubstituted pyrrolide 2.3a; 2.38a is formed as a 1:1 mixture of diastereomers.  The 
selectivity in the formation of 2.38b is also diminished relative to 2.36b (2.5:1 dr for 
2.38b; 7:1 dr for 2.36b).  Furthermore, the addition of excess alcohol leads to the 
formation of the bis-aryloxide complex, even under ambient conditions.  Similar results 
were obtained for the synthesis of monoaryloxides 2.39a-b, where only the Br atom ortho 
to the phenol has been excised.  Again, bis-aryloxide can be detected in the presence of 
excess alcohol.  Retaining the bromide ortho to the phenol, but deleting the other Br at 
                                                            
(41) For the structure of Mo bis-triflate 2.57, see Scheme 2.14. 
(42) Complex 2.37 does not promote the ring-closing metathesis reactions outlined in this chapter. 
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the 3′ position has a very different effect: diastereoselectivity is partially restored in the 
formation of 2.40a (10:1 dr), a complex that bears an unsubstituted pyrrolide ligand; 
2.40b, containing a dimethylpyrrolide ligand is formed with lower selectivity (2:1 dr).  
The corresponding bis-aryloxide is not generated from either bis-pyrrolide starting 
material (2.3a or 2.3b) even in the presence of excess phenol at 60 °C.  Similar trends 
were observed in the formation of the complexes derived from the corresponding 
derivatives of unsaturated phenol 2.33.  Therefore, not only is the bromide ortho to the 
phenol necessary for achieving high diastereoselectivity in the substitution of Mo bis-
pyrrolide 2.3a, more importantly it is crucial for ensuring clean formation of the 
monoaryloxide complex, which both sterically and electronically should be more reactive 
than a bis-aryloxide catalyst. 
N
Mo
O
OTBS
N
R
R
Ph
i-Pr i-Pr
2.38a R = H: >98% conv, 1:1 dr
2.38b R = Me: >98% conv, 2.5:1 dr
N
Mo
O
OTBS
Br
N
R
R
Ph
i-Pr i-Pr
2.39a R = H: >98% conv, 1:1 dr
2.39b R = Me: >98% conv, 4.5:1 dr
N
Mo
O Br
OTBS
N
R
R
Ph
i-Pr i-Pr
2.40a R = H: >98% conv, 10:1 dr
2.40b R = Me: >98% conv, 2:1 dr
Bis-aryloxides formed with excess phenol at 22 °C
Chart 2.3 Bromide ortho to the phenol necessary for clean formation of mono-aryloxide complexes
 
 We next probed the ability of the stereogenic-at-Mo complexes to act as catalysts 
for enantioselective RCM; as a model reaction, we chose the ring-closure of aniline 2.41 
(Table 2.3).  Our group had previously demonstrated the enantioselective RCM of 2.41 
with Mo diolate complex VIIIa: in solution, 5 mol % VIIIa delivers piperidine 2.42 in 
76% yield (>98% conversion) after 20 minutes with 99:1 er; alternatively, the reaction 
may be performed without solvent, in which case only 2.5 mol % catalyst loading and 10 
minutes reaction time are required for similar results.43 
                                                            
(43) Dolman, S. J.; Sattely, E. S.; Hoveyda, A. H.; Schrock, R. R. J. Am. Chem. Soc. 2002, 124, 6991-6997. 
Chapter 2 
Page 89  
Contrary to the reaction reported in 2002, which made use of the isolated diolate 
complex VIIIa, our present studies involve catalysts that are prepared in situ (Scheme 
2.12), often as a mixture of diastereomers.  With 1 mol % 2.34a, containing an 
unsaturated aryloxide and unsubstituted pyrrolide, there is 50% conversion of triene 2.41 
in 30 min; however, 2.42 is isolated in a disappointing 59:41 er (entry 1, Table 2.3).  
Interestingly, when 2.34b, bearing a dimethylpyrrolide ligand, is employed, >98% 
conversion of 2.41 is observed and piperidine 2.42 is isolated in 91% yield and a greatly 
improved 75:25 er (entry 2) despite dimethylpyrrolide 2.34b being less stereochemically 
pure than 2.34a (7:1 dr versus 19:1 dr of 2.34a); the major enantiomer formed with 2.34b 
is opposite to that obtained with 2.34a.  Similar results are achieved with catalysts 2.36a-
b, derived from partially hydrogenated alcohol 2.35 (entries 3-4); strikingly, piperidine 
2.42 is generated in 96.5:3.5 er with catalyst 2.36b (>98% conversion, entry 4), 
indicating that monoaryloxide Mo complexes may be highly enantioselective as well as 
reactive.  The fact that catalysts that are stereochemically less pure (lower dr) can deliver 
higher enantioselectivity in ring-closing metathesis was immensely intriguing to us and 
was the subject of subsequent investigations; for a detailed discussion, see Chapter 3. 
As it was needed to prevent formation of the bis-aryloxide complex, so the 
bromide ortho to the phenol is necessary for catalyzing a highly enantioselective RCM of 
2.41; catalysts 2.38a-b and 2.39b deliver only moderate enantioselectivity (72.5:27.5-
77.5:22.5 er, entries 5-7).  Complex 2.40b, possessing the o-Br, produces 2.42 in 94:6 er 
(entry 8).  It should be noted that although bis-aryloxide 2.37 is unable to catalyze the 
RCM of aniline 2.41, the bis-aryloxide version of 2.38 leads to 68% conversion within 30 
minutes and delivers piperidine 2.42 in a higher 87:13 er compared to the corresponding 
monoaryloxides (compare to entries 5-6, Table 2.3). 
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2.9 Catalyst modularity: ligand screening for enantioselective RCM 
 One asset of the stereogenic-at-Mo catalysts is their modular nature.  Compared to 
the three ligands of the diolates, the four different ligands of the present class of catalysts 
offer a number of additional diversity points.  Each ligand has several sites that might be 
manipulated with variations to the aryloxide ligand perhaps offering the most 
opportunities (Scheme 2.11).  Catalyst discovery is thus greatly expedited as the 
aryloxide is introduced at the last stage of catalyst synthesis and the chiral complex, 
generated in this fashion, may be used in situ.  We took advantage of the ease with which 
new catalyst structures could be prepared to study the steric and electronic effects of the 
ligands on reactivity and enantioselectivity in the RCM of 2.41. 
 Although the pyrrolide ligand offers a late-stage point of diversity, modifications 
to this ligand have thus far been unsuccessful.  Introducing substituents larger than a 
methyl group to the 2 and 5 positions often prevents substitution with all but the smallest 
of alcohols (e.g., hexafluoro-t-butanol).  In fact, several bulky phenols may not even 
substitute (or do so reluctantly) with the 2,5-dimethylpyrrolide complexes (e.g., 2.53, 
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Table 2.4, vide infra).  Modifications to the 3 and 4 positions have little impact on the 
outcome of RCM reactions.44 
 Turning our attention to the aryloxide ligand, several variations in the hydroxyl 
protecting group and 3 and 3′ substituents have been investigated; biphenolate ligands 
have also been examined (Table 2.4).  The size of the silyl protecting group has little 
effect on the reactivity of the catalyst and a small but measurable influence on the 
enantioselectivity (phenols 2.35 and 2.43-2.42, entries 1-3); a TBS group seems to be 
optimal. 
With a TBS protecting group, a number of ortho substituents were screened.  
Fluoride-containing 2.45 delivers a complex that is slightly less enantioselective (91.5:8.5 
er, entry 4)45 but chloride 2.46 is equally reactive and selective to the parent bromide 
complex (entry 5), making it an excellent catalyst candidate for other reactions (vide 
infra).  With o-iodophenol 2.47 (entry 6), the reaction rate is decreased (56% conversion 
in 30 minutes) but enantioselectivity is only slightly diminished (92.5:7.5 er).  As the size 
of the group at the ortho position increases to methyl (2.48, entry 7) and trifluoromethyl 
(2.49, entry 8), the reaction rate begins to drop slightly and then severely (78% and 11% 
conversion, respectively); enantioselectivity is likewise depressed, with racemic product 
obtained with CF3-containing 2.49.  The CF3 group represents the size limit at the 3 and 
3′ position for the catalyst synthesis; phenols with larger groups, such as phenyl or t-
butyl, do not react with bis-pyrrolide 2.3b, although they will react with unsubstituted 
pyrrolide complex 2.3a.  Stereogenic-at-Mo complexes with unsubstituted pyrrolides and 
aryloxides with large 3 and 3′ groups are moderately enantioselective at best (50:50-
74:26 er). 
 Just as with phenols bearing bromide substituents, the size of the protecting group 
with fluoride-containing phenols has no effect on reactivity and leads to slightly lower 
                                                            
(44) For examples of other pyrrolide ligands explored, see: Marinescu, S.; Singh, R.; Hock, A. S.; 
Wampler, K. M.; Schrock, R. R.; Müller, P. Organometallics 2008, 27, 6570-6578.  The development of 
sterically- and electronically-modified pyrrolide ligands to access new catalyst architectures is currently 
under investigation. 
(45) In the case of F-containing phenols 2.45 and 2.50-2.51, the use of excess phenol in the catalyst 
synthesis leads to appreciable amounts of bis-aryloxide complex. 
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enantioselectivity (88:12 er, phenols 2.50-2.51, entries 9-10).  An interesting side-note 
regarding fluoride catalysts derived from 2.45, 2.50, and 2.51 is that, in all cases, the 
alkylidene 1H signal for one of the diastereomers appears as a doublet; the other 
diastereomer, as is the case with both diastereomers of all other complexes, is a singlet, 
suggesting that in one diastereomer of the fluoride complexes the F atom is interacting 
with the Mo center.  We only realized the implications of this observation much later (see 
the structure of R-3.4 in Chapter 3, which is the minor diastereomer of 2.36b, and the 
ensuing discussion). 
 Finally, protected biphenol 2.52 performs similarly to hydrogenated binaphthol 
2.35 (>98% conversion, 93.5:6.5 er, entry 11).  t-Butyl-substituted 2.53 (entry 12) is too 
sterically hindered to undergo ligand exchange with dimethyl-bis-pyrrolide 2.3b.  The 
monoaryloxide derived from unsubstituted pyrrolide 2.3a can be prepared, but 
unfortunately it is not very reactive (10 mol % catalyst is required for 53% conversion in 
1 h) and nearly racemic 2.42 is obtained. 
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 Variations in the nature of the imido group have also been examined; the results 
are shown in Scheme 2.13.  In all cases, >98% conversion to 2.42 is observed within 30 
minutes.  It should be noted that when 1 mol % of adamantyl-containing bis-pyrrolide 
2.4b is reacted with 1 mol % phenol 2.35, there is only ca. 60% conversion to the 
monoaryloxide complex (2:1 dr); 30% of the bis-pyrrolide remains unreacted and there is 
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also 10% of the bis-aryloxide complex.46  Even with this mixture of four compounds, 
piperidine 2.42 is obtained as a single enantiomer.  Complexes bearing 2,6-dimethylaryl- 
(2.54), 2,6-dichloroaryl- (2.55), or 2-trifluoromethylarylimido (2.56) groups deliver the 
same 97.5:2.5 er for the transformation, a modest improvement on the 96.5:3.5 er 
obtained with the initial 2,6-diisopropylimido group.  The catalyst mixtures prepared 
from bis-pyrrolide complexes 2.55 and 2.56 also contain an appreciable quantity of bis-
aryloxide (up to 15%). 
 
2.10 Practicality of stereogenic-at-Mo catalysts 
 There are several aspects of stereogenic-at-Mo catalysts that make them attractive 
for preparing enantiomerically enriched molecules by RCM beyond the high reactivity 
and enantioselectivity demonstrated above.  For instance, the ring-closure of aniline 2.41 
may be performed on a preparative scale (ca. 800 mg) with 0.5 mol % 2.36 generated in 
                                                            
(46) As any of the ligands become smaller, formation of bis-aryloxide is observed; fortunately, the 
monoaryloxide is several orders of magnitude more reactive in olefin metathesis reactions than the bis-
aryloxide.  There is thus a very fine line between ligands being too large for substitution and being too 
small, permitting double substitution to take place.  For studies regarding in situ-generation of catalyst from 
bis-pyrrolide complex 2.4b, see: Ibrahem, I.; Yu, M.; Schrock, R. R.; Hoveyda, A. H. J. Am. Che m. Soc. 
2009, 131, 3844-3845. 
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situ (Scheme 2.14); 2.42 is isolated in 96% yield with only a slight decrease in 
enantioselectivity (95.5:4.5 er). 
Although still air and moisture sensitive, the new catalysts are sufficiently robust 
for the olefin metathesis reaction to be carried out in a fume hood.  The reagents (except 
for bis-pyrrolide 2.3b) may be weighed on the bench and the reaction conducted in 
toluene with just 1 mol % 2.36b (see section 2.14 for experimental details).  Piperidine 
2.42 is isolated in 86% yield and 96:4 er, attesting to the practicality of the reaction. 
Additionally, stereogenic-at-Mo catalyst 2.36b may be generated in one pot from 
commercially available bis-triflate 2.57.  By treating Mo complex 2.57 with two 
equivalents of the lithium salt of 2,5-dimethylpyrrole, bis-pyrrolide 2.3b may be 
generated; on addition of phenol 2.35, monoaryloxide 2.36b is obtained.  A portion of the 
solution of 2.36b, prepared in this manner, can then be employed in the enantioselective 
RCM of triene 2.41, with the product (2.42) obtained in 93% yield and 95.5:4.5 er.   
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Scheme 2.14 Practicality of reactions catalyzed by stereogenic-at-Mo complexes
Me
Me
N
Ph
Me
Me
N
Ph
0.5 mol % 2.36b (in situ)
C6H6 [8.0 M], 22 °C, 15 min
2.41 2.42
803 mg, 3.14 mmol
>98% conv, 96% yield
95.5:4.5 er
690 mg, 3.01 mmol
Scalability of reactions
Me
Me
N
Ph
Me
Me
N
Ph
1 mol % 2.36b (in situ)
toluene, 22 °C, 30 min
2.41 2.42
183 mg, 0.72 mmol
96% conv, 86% yield
96:4 er
141 mg, 0.62 mmol
Fume hood experiment
One pot reaction f rom commercially available Mo bis-tr if late
Mo
N
i-Pr i-Pr
Ph toluene, 22 °C
2.5 h
(f rom Strem)
N
Mo
N
Ph
i-Pr i-Pr
N
Li
N
2 equiv
OMe
Me
O
TfO
OTf
2.57
2.3b
OTBS
Br
OH
Br
2.35
toluene, 22 °C,
1.5 h
Me
Me
N
Ph
Me
Me
N
Ph
1 mol % 2.36b (in situ)
toluene, 22 °C, 30 min
2.412.42
94% conv, 93% yield
95.5:4.5 er
 
2.11 Synthesis of a variety of enantiomerically enriched heterocycles with 
stereogenic-at-Mo catalysts 
 Enantioselective synthesis with monoaryloxide complexes is not limited to the 
RCM of aniline-derived 2.41; a number of enantiomerically enriched N- and O-
heterocycles can be accessed with the new class of catalysts.  When available, a 
comparison with the optimal diolate from our previous studies is drawn.  In all cases, the 
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stereogenic-at-Mo catalysts are vastly superior in terms of reactivity, in some 
transformations displaying two orders of magnitude greater efficiency. 
 In the synthesis of six-membered ring 2.58,43 neither diolate VIIIa nor 
monoaryloxide 2.36b are enantioselective (<55:45 er, entries 1-2, Table 2.5).  Substrates 
that contain only terminal olefins (from which 2.58 is derived) are particularly 
challenging as non-selective initiation of the catalyst at any one of the reactive sites may 
occur, often leading to racemic product; only a handful of enantioselective RCM 
reactions of this ilk have been reported (for one such case, see entry 19, Table 2.5).  It 
should be noted that RCM with 2.36b (entry 2) is slightly more efficient, as the catalyst 
loading may be reduced to 1 mol %.  Seven-membered rings may also be accessed with 
ease: whereas 24 h are required for complete conversion with diolate VIIIa (entry 3), 
there is 98% conversion to 2.5943 with catalyst 2.36b within 1 h (entry 4); nearly identical 
enantioselectivities are obtained for the two reactions.  The catalyst loading may be 
further reduced with chloride-containing 2.66 without any loss in enantioselectivity 
(entry 5).  In a number of cases, a boost in reactivity and/or enantioselectivity can be 
achieved with dichloro 2.66 rather than dibromo 2.36b.  The RCM to furnish the 
sterically less hindered and more Lewis basic secondary amine products 2.605 and 2.615 
is much more efficient with monoaryloxide catalysts.  Previously, none of the available 
diolates were able to promote the formation of 2.60 (entry 6).  In contrast, 2.5 mol % 
stereogenic-at-Mo 2.36b delivers 94% conversion within 1 h (89% yield, 83.5:16.5 er, 
entry 7); the catalyst loading may be halved with dichloroimido 2.67 and piperidine 2.60 
is isolated in a slightly higher enantiomeric ratio (89:11 er, entry 8).  Quaternary 
stereogenic centers may also be generated more readily with the new set of catalysts.  
Nearly equivalent enantioselectivities are achieved with diolate VIIIc and monoaryloxide 
2.36b in the RCM to deliver 2.61; however, the catalyst loading and reaction time may be 
greatly reduced with the stereogenic-at-Mo complex (compare entries 9 and 10). 
 The synthesis of bicyclic amines is also dramatically improved with 
monoaryloxide catalysts.  The formation of indolizine products 2.625 and 2.635 is 
inefficient with the diolate catalysts and enantioselectivity is poor (entries 11 and 13).  
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Tertiary amine 2.62 is isolated in >98% yield after just 1 h with 1 mol % 2.36b with an 
enormous improvement in enantioselectivity as well (96:4 er, entry 12).  For bicyclic 
2.63, the reaction time can be reduced from 20 h (>98% conversion) with 5 mol % VIIIb 
to just 1 h (85% conversion) with 5 mol % 2.36b; enantioselectivity is improved (entry 
14).  Dichloride catalyst 2.66 again increases the rate of the reaction (95% conversion in 
1 h with 3 mol % catalyst) and the enantioselectivity (90.5:9.5 er, entry 15).  Amide 
functional groups are also tolerated by the monoaryloxide catalysts.  The reactivity of the 
stereogenic-at-Mo complexes is much higher than that of optimal diolate X for the RCM 
to deliver 2.64;5 enantioselectivity suffers only moderately (entries 16-18).  Although the 
rate of RCM in the synthesis of lactam 2.655 is increased with monoaryloxide 2.36b, the 
reaction is far less enantioselective than with diolate X (compare entries 19 and 20). 
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Table 2.5 Enantioselective RCM with stereogenic-at-Mo catalysts to furnish N-heterocyclesa
entry conv (%)d yield (%)e erfproduct
catalyst;b
mol %c
N
Mo
O Br
OTBS
Br
N Ph
i-Pr i-Pr
Me
Me
HN
2.60
2.36b
N
Mo
O Cl
OTBS
Cl
N Ph
i-Pr i-Pr
2.66
Me
Me
HN
2.61
Ph
N
2.58
Ph
NPh
Me
Me
2.59
Me
N
2.62
Me
N
Me
2.63
Me
Me
N
2.64
Me
O
N
2.65
O
time (h)
1
2
3
4
5
6
7
8
9
10
11
12g
13
14
15
16
17
18
19
20
a All reactions performed under an atmosphere of dry N2 at 22 °C in C6H6. b Catalyst generated in situ (5:1 dr for 2.66; 2:1 dr for 2.67). c
Loading refers to amount of bis-pyrrolide and alcohol added to form catalyst. d Conversion to the desired product based on 400 MHz 1H NMR
analysis of unpurified mixtures. e Yield of isolated product after purification. f Determined by GLC or HPLC analysis. g Performed in pentane. nd
= not determined.
VIIIa; 5
2.36b; 1
VIIIa; 2
2.36b; 2
2.66; 1
all diolates
2.36b; 2.5
2.67; 2.5
VIIIc; 5
2.36b; 1
VIIIb; 15
2.36b; 1
VIIIb; 5
2.36b; 5
2.66; 3
X; 10
2.36b; 5
2.66; 3
X; 5
2.36b; 5
N
Mo
O Br
OTBS
Br
N Ph
Cl Cl
2.67
>36
1
0.5
<2
94
>98
89
95
83.5:16.5
89:11
24
1
>98
>98
95
98
85.5:14.5
82.5:17.5
24
1
75
>98
nd
>98
65:35
96:4
20
1
1
>98
85
95
nd
85
86
70:30
84.5:15.5
90.5:9.5
48
1
1
>95
>98
95
91
96
88
99:1
95.5:4.5
95.5:4.5
12
1
>95
>98
92
>98
94:6
65:35
24
1
1
>98
98
>98
95
87
86
97.5:2.5
96.5:3.5
96.5:3.5
0.33
1
>98
>98
nd
69
<55:45
<55:45
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 Enantioselective RCM with monoaryloxide catalysts is not restricted to the 
synthesis of N-heterocycles.  Oxygen-containing molecules undergo RCM efficiently 
with stereogenic-at-Mo catalysts; in the cases studied, enantioselectivity is moderate to 
good.  For the ring-closure to furnish pyran 2.68,47 5 mol % of diolate VIIIa is required 
for 6 h at 60 °C to achieve an 80% yield (92:8 er, entry 1, Table 2.6).  Catalyst loading, 
reaction temperature, and time may all be decreased with monoaryloxides 2.36b and 
2.67; enantioselectivity is slightly diminished compared to the diolate (entries 2-3) but is 
similar to the selectivity for the formation of N-containing 2.60 (entries 7-8, Table 2.5).  
Pyran 2.69, containing a quaternary stereogenic center, is also generated efficiently (entry 
4, Table 2.6) with slightly lower enantioselectivity than the corresponding piperidine 
(entry 10, Table 2.5).  Allylsiloxanes,47 including those that contain a quaternary center 
(2.71), undergo efficient and enantioselective RCM with stereogenic-at-Mo complexes.  
Increased reactivity but decreased enantioselectivity is observed with the monoaryloxide 
catalysts compared to the diolates (compare entries 5 and 6 and entries 7 and 8-9).48  The 
efficiency of RCM of vinyl ether substrates is also greatly improved with the new class of 
catalysts: rather than 15 mol % X for 18 h, 10 mol % stereogenic-at-Mo 2.36b may be 
employed to achieve >98% conversion to 2.7249 (unoptimized result; compare entries 10 
and 11, Table 2.6), although further catalyst screening is required to improve the 
enantioselectivity of the reaction. 
                                                            
(47) Kiely, A. F.; Jernelius, J. A.; Schrock, R. R.; Hoveyda, A. H. J. Am. Chem. Soc . 2002, 124, 2868-
2869. 
(48) It should be noted that the reaction in entry 7 of Table 2.6 may be run with 1 mol % VIIIc for 6 h if 
the concentration of substrate is increased, and identical results to those shown are obtained. 
(49) (a) See Chapter 1. (b) Lee, A-L.; Malcolmson, S. J.; Puglisi, A.; Schrock, R. R.; Hoveyda, A. H. J. 
Am. Chem. Soc. 2006, 128, 5153-5157. 
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 Substrates that contain 1,2-disubstituted enantiotopic olefins undergo ring-closure 
at a noticeably slower rate than the 1,1-disubstituted olefins in Tables 2.5 and 2.6.  For 
example, the RCM of benzylamine 2.73 requires 5 mol % dibromide-containing 2.36b to 
proceed to only 36% conversion in 1 h; the enantioselectivity of pyrrolidine 2.74 is low 
(79:21 er, Scheme 2.15).  Interestingly, dichloride 2.66 proceeds to >98% conversion 
under the same reaction conditions, but the enantiomer ratio drops to 59:41.  Lower 
catalyst loadings result in lower conversion in the same reaction time.  Similarly, the 
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synthesis of six-membered ring 2.765 is also inefficient with monoaryloxide 2.36b 
although the catalyst loading can be dropped to 2.5 mol % (56% conversion); 
enantioselectivity (82:18 er) is similar to that achieved in the formation of 2.74 and also 
in the RCM to furnish secondary amine 2.60 (entry 7, Table 2.5).  Again, reactivity is 
improved with dichloride 2.66 and enantioselectivity is decreased slightly (72:28 er).  
The RCM of 2.75 is still much more efficient with monoaryloxide complexes than with 
the optimal diolate complex VIIIb. 
 
2.12 Enantioselective RCM for quebrachamine synthesis 
 From our studies, it was evident that stereogenic-at-Mo complexes are a potent set 
of catalysts for enantioselective ring-closing metathesis.  The only question that remained 
was whether they could deliver an efficient and enantioselective ring-closure to furnish 
tetracycle 2.2, the precursor to quebrachamine.  A number of catalyst candidates were 
screened for this challenging RCM (Table 2.7). 
 Although they were only somewhat less reactive for the ring-closure of aniline 
2.41 (entries 1 and 3, Table 2.3), catalysts that bear an unsubstituted pyrrolide ligand are 
entirely ineffective for the RCM of triene 2.1 (entries 1 and 4, Table 2.7).  The 
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combination of unsaturated phenol 2.33 and dimethyl-bis-pyrrolide 2.3b (to generate 
monoaryloxide 2.34b, Scheme 2.12) also displays low catalytic activity (1 mol % catalyst 
loading, entry 2), although increasing the amount of catalyst (5 mol% bis-pyrrolide and 
phenol, entry 3) allows for 2.2 to be isolated in 60% yield (83.5:16.5 er).  The low yield 
with respect to conversion is again indicative of the amount of byproducts formed.  To 
our delight, the combination of a 2,6-diisopropylarylimido ligand, dimethylpyrrolide, and 
partially hydrogenated phenols 2.35 and 2.45-2.47 (entries 5-8), bearing halides at the 3 
and 3′ positions, delivers a highly reactive catalyst that is also well behaved: >98% 
conversion of 2.1 is achieved within 1 h (0.5 M substrate concentration) and 2.2 is 
isolated in 80-93% yield.  Furthermore, the enantioselectivities are exquisite; the catalyst 
derived from dichloro-substituted phenol 2.46 achieves the highest selectivity (98:2 er, 
entry 7).   
 It is noteworthy that even though the catalyst resulting from phenol 2.77 (entry 9) 
is capable of efficiently promoting the RCM of aniline 2.41, the monoaryloxide complex 
(2.38b) is inept when it comes to the ring-closure of the more challenging 2.1.  
Additionally, it is interesting that the catalyst derived from adamantylimido bis-pyrrolide 
2.4b and phenol 2.35 (entry 10), which furnishes piperidine 2.42 in >99:1 er, displays 
low enantioselectivity in the RCM of 2.1 (69.5:30.5 er). From these data, it is clear that 
stereogenic-at-Mo catalysts offer levels of reactivity and enantioselectivity that were 
previously out of reach and have enabled us to complete our planned enantioselective 
synthesis of quebrachamine. 
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N
H
N
N
H
N
Table 2.7 Enantioselective RCM of quebrachamine precursor with stereogenic-at-Mo catalystsa
2.1 2.2
1 mol % bis-pyrrolide
1 mol % phenol
C6H6, 22 °C, 1 h
entry conv (%)b
Mo
bis-pyrrolide yield (%)
c erdphenol
OTBS
Br
OH
Br
OTBS
G
OH
G
1
2
3e
4
5
6
7
8
9
10
2.35 G = Br
2.35 G = Br
2.45 G = F
2.46 G = Cl
2.47 G = I
2.77 G = H
2.35 G = Br
2.3a
2.3b
2.3b
2.3a
2.3b
2.3b
2.3b
2.3b
2.3b
2.4b
<10
24
>98
<5
>98
>98
>98
>98
19
>98
nd
nd
60
nd
83
80
84
93
nd
87
83.5:16.5
97.5:2.5
92:8
98:2
96.5:3.5
69.5:30.5
a All reactions performed under an atmosphere of dry N2. b Conversion to the desired product based on 400 MHz 1H NMR
analysis of unpurified mixtures. c Yield of isolated product after purification. d Determined by HPLC analysis. e 5 mol % bis-
pyrrolide and phenol. nd = not determined.
2.33
 
2.13 Conclusions 
 We have discovered a new class of olefin metathesis catalysts that display 
exceptional reactivity and excellent enantioselectivity for a number of ring-closing 
metathesis applications.  The catalysts carry four distinct monodentate ligands around a 
tetrahedral Mo atom, rendering the metal a stereogenic center, and are prepared 
stereoselectively through an unprecedented ligand exchange process.  The extraordinary 
activity of the stereogenic-at-Mo complexes is owed to two factors: (1) free movement of 
the monodentate ligands about the metal center during the course of the reaction 
(fluxionality of the complex) and (2) electronic dissymmetry at the metal, induced by 
having an aryloxide and pyrrolide ligand, supporting prior theoretical calculations.  The 
monoaryloxide catalysts, which may be prepared in situ  and used as a mixture of 
diastereomers, have provided a solution to the challenging late stage enantioselective 
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RCM en route to quebrachamine (2.1 to 2.2), a transformation that cannot be promoted 
by any of the previous chiral olefin metathesis catalysts. 
In light of the special properties of stereogenic-at-Mo catalysts, we were inspired 
to investigate the mechanism by which these complexes operate.  Specifically, as stated 
earlier, we were intrigued that dimethylpyrrolide complex 2.36b, the optimal catalyst for 
a number of transformations, could deliver higher enantioselectivity as a 7:1 mixture of 
diastereomers than unsubstituted pyrrolide 2.36a, generated as a single diastereomer.  We 
therefore turned our attention to dissecting the complex process of the seemingly simple 
ring-closing metatheses described above (see Chapter 3). 
2.14 Experimentals 
General:  All reactions were carried out in oven- (135 °C) or flame-dried glassware 
under an inert atmosphere of dry N2 unless otherwise stated. Infrared (IR) spectra were 
recorded on a Nicolet 210 spectrophometer or on a Bruker FTIR Alpha (ATR Mode) 
spectrometer, υmax in cm-1.  Bands are characterized as broad (br), strong (s), medium (m) 
or weak (w).  1H NMR spectra were recorded on a Varian Unity INOVA 400 (400 MHz) 
spectrometer.  Chemical shifts are reported in ppm from tetramethylsilane with the 
solvent resonance resulting from incomplete deuteration as the internal reference (CDCl3: 
δ 7.26, C6D6: δ 7.16).  Data are reported as follows: chemical shift, integration, 
multiplicity (s = singlet, d = doublet, t = triplet, br = broad, m = multiplet), and coupling 
constants (Hz).  13C NMR spectra were recorded on a Varian Unity INOVA 400 (100 
MHz) spectrometer with complete proton decoupling.  Chemical shifts are reported in 
ppm from tetramethylsilane with the solvent resonance resulting from incomplete 
deuteration as the internal reference (CDCl3: δ 77.16, C6D6: δ 128.06).  Enantiomer ratios 
were determined by HPLC (Chiral Technologies Chiralpak OD column or Chiralcel OD-
R column (4.6 mm x 250 mm)) or by GLC analysis (Alltech Associates Chiraldex GTA 
or Supelco Betadex (30 m x 0.25 mm)) in comparison with authentic racemic materials.  
High-resolution mass spectrometry was performed on a Micromass LCT ESI-MS 
(positive mode) at the Boston College Mass or at the University of Illinois Mass 
Spectrometry Laboratory.  Elemental analysis was performed at Midwest Microlab, LLC 
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(Indianapolis, IN).  Optical rotation values were recorded on a Rudolph Research 
Analytical Autopol IV polarimeter.  Melting points were measured on a Thomas Hoover 
capillary melting point apparatus and are uncorrected.  X-ray crystal structure was 
determined at the MIT X-Ray Crystallographic Laboratory.  Numbers of compounds are 
listed as they appear in the main body of the chapter or the appendices; all other 
compounds are listed alphabetically. 
 
Solvents: Solvents were purged with argon and purified under a positive pressure of dry 
argon by a modified Innovative Technologies purification system: diethyl ether (Aldrich) 
and dichloromethane (Doe & Ingalls) were passed through activated alumina columns; 
benzene (Aldrich), toluene (Doe & Ingalls), and pentane50 (J T. Baker) were passed 
successively through activated Cu and alumina columns.  Tetrahydrofuran (Aldrich) was 
distilled from sodium benzophenone ketyl.  Methanol (Doe & Ingalls) and ethanol (Doe 
& Ingalls) were distilled from magnesium methoxide and magnesium ethoxide, 
respectively.  Nitromethane (Aldrich) was distilled from CaH2. 
 
Metal-based complexes: Mo complexes I,8 rac-II,34a VIIIa-c,8 IX,8 X,8 XIb,8 XIIa-b,17b 
and XIII17b were prepared according to published procedures.  Mo-based complexes were 
handled under an atmosphere of N2 in a dry box.  Ru complexes IV3 and VIa10 were 
purchased from Materia and purified by silica gel chromatography and recrystallization 
prior to use.  Ru complexes VIb11 and XIVa14a were purchased from Materia and used as 
received; Ru complex XIVb was generated in situ from XIVa according to the published 
procedure.14a  Ru complexes VIIa,12 VIIb,13 XVIa,15 and XVIa-b14c were prepared 
according to published procedures.  Ru complexes XVa-b are unpublished.51  Ru-based 
complexes were handled under an atmosphere of N2 in a dry box for comparison 
purposes.  Mo bis-pyrrolide complexes 2.3a-b, 2.4a-b, 2.54, 2.55, 2.56 were prepared 
                                                            
(50) n-Pentane was allowed to stir over concentrated H2SO4 for three days, washed with water, followed by 
a saturated aqueous solution of NaHCO3, dried over MgSO4, and filtered before use in the solvent 
purification system. 
(51) For the characterization of these complexes, see: Zhugralin, A. R., Ph.D. Thesis (Boston College, in 
preparation). 
Chapter 2 
Page 107  
according to published procedures17 and were handled under an atmosphere of N2 in a dry 
box.52 
 
Reagents: 
Acetyl chloride was purchased from Aldrich and distilled from quinoline prior to use. 
Allyl bromide was purchased from Aldrich and distilled from CaH2 prior to use. 
Aluminum trichloride was purchased from Strem and used as received. 
d6-Benzene was purchased from Cambridge Isotope Laboratories and distilled from Na 
into activated 4 Å molecular sieves prior to use. 
(R)-BINOL was purchased from Kankyo Kakagu Center, Co. and used as received. 
Bromine was purchased from Acros and distilled from P2O5 prior to use. 
tert-Butyldimethylsilyl chloride was purchased from Oakwood and used as received. 
tert-Butyldimethylsilyl trifluoromethanesulfonate was purchased from Aldrich or 
Oakwood and distilled prior to use. 
tert-Butyldiphenylsilyl chloride was purchased from Aldrich and used as received. 
n-Butyl lithium (15% in hexanes) was purchased from Strem and titrated with s-butanol 
(1,10-phenanthroline as indicator) prior to use. 
d1-Chloroform was purchased from Cambridge Isotope Laboratories and distilled from 
CaH2 into activated 4 Å molecular sieves prior to use with Mo complexes. 
Chloromethyl methyl ether was purchased from Aldrich and used as received. 
Concentrated aqueous NH4OH (Assay, as NH3, w/w 28.9%) was purchased from 
Fisher and used as received. 
Copper (I) iodide was purchased from Strem and purified according to a published 
procedure prior to use.53 
                                                            
(52) Mo bis-pyrrolide 2.55 has not been disclosed in the literature but the analogous W complex has; the 
Mo complex was prepared by the Schrock group at MIT in an analogous fashion to all other bis-pyrrolide 
complexes.  For the W version of 2.55, see: Jiang, A. J.; Zhao, Y.; Schrock, R. R.; Hoveyda, A. H. J. Am. 
Chem. Soc. 2009, 131, 16630-16631. 
(53) See: Purification of Laboratory Chemicals, Fifth Edition; Armarego, W. L. F.; Chai, C. L. L., Eds.; 
Butterworth-Heinemann: Boston, 2003. 
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1,2-Dibromo-1,1,2,2-tetrafluoroethane was purchased from Aldrich and used as 
received. 
N,N-dimethylformamide (anhydrous) was purchased from Acros and used as received. 
N-Fluorobenzenesulfonimide was purchased from Aldrich and used as received. 
Hexachloroethane was purchased from Alfa Aesar and recrystallized from ethanol, then 
dried by azeotropic distillation with C6H6, prior to use. 
Hexamethylphosphoramidate (HMPA) was purchased from Aldrich and distilled from 
sodium prior to use. 
Hydrogen gas was purchased from Airgas and used as received. 
Hydrogen chloride (4.0 M in dioxane) was purchased from Aldrich and used as 
received. 
Iodine was purchased from Aldrich and used as received. 
Methyl 2,2-difluoro-2-(fluorosulfonyl)acetate was purchased from Aldrich and used as 
received. 
Methyl iodide was purchased from Aldrich and distilled prior to use. 
Platinum (IV) oxide was purchased from Aldrich and used as received. 
Potassium carbonate was purchased from Fisher and used as received. 
Potassium hydride (dispersion in mineral oil) was purchased from Strem and, in an N2-
filled dry box, washed with pentane (solvent removed in vacuo) prior to use. 
Sodium bisulfite was purchased from Fisher and used as received. 
Sodium hydride (60% dispersion in mineral oil) or neat was purchased from Strem 
and used as received. 
Sodium sulfite was purchased from Fisher and used as received. 
Triethylamine was purchased from Aldrich and distilled from CaH2 prior to use. 
Triethylsilyl trifluoromethanesulfonate was purchased from Aldrich and distilled prior 
to use. 
Trifluoroacetic acid was purchased from Acros and used as received. 
Triisopropyl trifluoromethanesulfonate was purchased from Aldrich and distilled prior 
to use. 
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Olefin metathesis substrates:  Triene 2.1 was prepared according to a synthesis 
sequence developed by Beth Sattely.1b,6  Aniline 2.41,43 tertiary amine 2.75,5 and the 
precursors to RCM products 2.58-2.59,43 2.60-2.65,5 2.68,47 2.70-2.71,47 and 2.7249 were 
prepared according to reported procedures.  The precursor to pyran 2.69 and RCM 
substrate 2.73 are new compounds, whose synthesis is outlined below.  Water was 
removed from olefin metathesis substrates by azeotropic distillation with benzene prior to 
their use in olefin metathesis reactions except as follows: the precursors to indolizines 
2.62-2.63 were stirred over sodium and the precursor to pyran 2.68 was stirred over CaH2 
followed by vacuum transfer. 
 
(4-(allyloxy)-2,6-dimethylhepta-1,6-dien-4-yl)benzene (B):  In an N2-filled dry box, a 
50-mL round-bottom flask containing a magnetic stir bar was charged with NaH (83 mg, 
3.5 mmol).  In the fume hood, THF (8 mL) was added and the suspension cooled to 0 °C 
and allowed to stir.  A solution of known tertiary alcohol A47 (500 mg, 2.3 mmol) in THF 
(3 mL) was added to the NaH suspension by cannula; the vial containing the alcohol was 
rinsed with THF (0.6 mL), which was similarly transferred to the reaction mixture.  The 
mixture was allowed to stir for 30 min.  Then, allyl bromide (400 μL, 4.6 mmol) was 
added dropwise.  The mixture was allowed to warm to 22 °C and stir for 36 h.  At that 
time, the mixture was cooled to 0 °C and the reaction quenched by the slow addition of 
water (10 mL).  The biphasic mixture was washed with Et2O (3 x 50 mL).  The combined 
organic layers were washed with saturated aqueous NaCl (100 mL), dried over MgSO4, 
filtered, and concentrated to a yellow oil.  The oil was purified by silica gel 
chromatography (100:1 petroleum ether:Et2O) to afford B (511 mg, 1.99 mmol, 86.6% 
yield) as a colorless oil.  1H NMR (400 MHz, CDCl3) δ 7.41 (2H, app d, J = 7.2 Hz), 7.31 
(2H, app t, J = 7.6 Hz), 7.22 (1H, app t, J = 7.2 Hz), 5.93 (1H, dddd, J = 17.2, 10.4, 5.2, 
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5.2 Hz), 5.33 (1H, ddd, J = 17.2, 1.6, 1.6 Hz), 5.13 (1H, ddd, J = 10.4, 1.6, 1.6 Hz), 4.76 
(2H, s), 4.70 (2H, s), 3.88 (2H, ddd, J = 4.8, 1.6, 1.6 Hz), 2.74 (2H, d, JAB = 14.8 Hz), 
2.64 (2H, d, JAB = 14.8 Hz), 1.52 (6H, s). 
 
 
(2E,5E)-N-allyl-N-benzylhepta-2,5-dien-4-amine (2.73):  A 25-mL round-bottom flask 
containing a magnetic stir bar was charged with known secondary amine C5 (721 mg, 
3.58 mmol) and DMF (7.2 mL).  Solid K2CO3 (990 mg, 7.2 mmol) was added, followed 
by allyl bromide (465 μL, 5.37 mmol).  The mixture was allowed to stir.  After 12 h, the 
mixture was diluted with Et2O (50 mL) and washed with saturated aqueous NaCl (4 x 50 
mL).  The organic layer was dried over Na2SO4, filtered, and concentrated to a yellow oil.  
The oil was purified by silica gel chromatography (50:1 petroleum ether:Et2O washed 
with 3% v/v concentrated aqueous NH4OH) to afford 2.73 (736 mg, 3.05 mmol, 85.2% 
yield) as a colorless oil. 
 
Diol and phenol ligands: Biphenol 2.6 was prepared according to the reported 
procedure.54 Taddol 2.8 was prepared according to established protocols.55  All 
monodentate phenols were prepared as described below.  All ligands (except for 
biphenols 2.52-2.53) were prepared from enantiomerically pure (R)-BINOL.  (R)-3,3'-
Dibromo-1,1′-binaphthyl-2,2′-diol (D) was prepared according to known procedures.56  
                                                            
(54) Alexander, J. B.; La, D. S.; Cefalo, D. R.; Hoveyda, A. H.; Schrock, R. R. J. Am. Chem. Soc. 1998, 
120, 4041-4042.  
(55) Hafner, A.; Duthaler, R. O.; Marti, R.; Rihs, G.; Rothe-Streit, P.; Schwarzenbach, F. J. Am . Ch em. 
Soc. 1992, 114, 2321-2336. 
(56) (a) Zhu, S. S.; Cefalo, D. R.; La, D. S.; Jamieson, J. Y.; Davis, W. M.; Hoveyda, A. H.; Schrock, R. R. 
J. Am. Chem. Soc. 1999, 121, 8251-8259. (b) Maruoka, K.; Itoh, T.; Araki, Y.; Shirasaka, T.; Yamamoto, 
H. Bull. Chem. Soc. Jpn 1988, 61, 2975-2976. 
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(R)-5,5′,6,6′,7,7′,8,8′-octahydro-1,1′-binaphthyl-2,2′-diol (E) was synthesized according 
to a previously reported procedure.57 
 
 
(R)-3,3′-dibromo-2′-(tert-butyldimethylsilyloxy)-1,1′-binaphthyl-2-ol (2.33): A 50-
mL round-bottom flask containing a magnetic stir bar was charged with diol D (235 mg, 
0.530 mmol), CH2Cl2 (15 mL) and Et3N (100 μL, 0.690 mmol).  tert-Butyldimethylsilyl 
chloride (104 mg, 0.690 mmol) was then added as a solid in one portion and the mixture 
was allowed to stir for 20 h, after which it was diluted with a saturated aqueous solution 
of NH4Cl (20 mL).  The layers were partitioned.  The aqueous layer was washed with 
CH2Cl2 (2 x 20 mL).  The combined organic layers were dried over MgSO4, filtered, and 
concentrated.  The resulting yellow foam was purified by silica gel chromatography (dry 
load method, 15:1 petroleum ether:Et2O) to afford 2.33 (238 mg, 0.430 mmol, 81.0% 
yield) as a white solid.  M.p. = 158-159 °C; IR (neat): 3509 (m), 2951 (m), 2928 (m), 
2883 (m), 2856 (m), 1493 (m), 1444 (m), 1414 (s), 1357 (m), 1250 (s), 1193 (m), 1149 
(m), 1013 (m), 938 (m), 881 (m), 840 (s), 781 (s), 746 (s) cm-1; 1H NMR (400 MHz, 
CDCl3): δ 8.29 (1H, s), 8.21 (1H, s), 7.78 (2H, app t, J = 8.8 Hz), 7.41-7.27 (4H, m), 7.14 
(2H, app t, J = 8.4 Hz), 5.58 (1H, s), 0.68 (9H, s), -0.27 (3H, s), -0.42 (3H, s);  13C NMR 
(100 MHz, CDCl3): δ 148.9, 148.0, 134.0, 133.3, 132.8, 132.3, 130.5, 129.8, 127.3, 
127.3, 127.2, 127.2, 125.8, 125.7, 125.3, 124.6, 121.1, 117.6, 117.2, 112.5, 25.9, 18.5, -
3.3, -3.5;  HRMS (ESI+) [M+H]+ calcd for C26H27Br2O2Si: 557.0147, found: 557.0130; 
20][ Dα  +50.2 (c = 1.00, CHCl3). 
                                                            
(57) (a) Cram, D. J.; Helgeson, R. C.; Peacock, S. C.; Kaplan, L. J.; Domeier, L. A.; Moreau, P.; Koga, K.; 
Mayer, J. M.; Chao, Y.; Siegel, M. G.; Hoffman, D. H.; Sogah, G. D. Y. J. Org. Che m. 1978, 43, 1930-
1946. (b) Aeilts, S. L.; Cefalo, D. R.; Bonitatebus, P. J., Jr.; Houser, J. H.; Hoveyda, A. H.; Schrock, R. R. 
Angew. Chem., Int. Ed.  2001, 40, 1452-1456. 
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(R)-3,3′-dibromo-2′-(tert-butyldimethylsilyloxy)-5,5′,6,6′,7,7′,8,8′-octahydro-1,1′-
binaphthyl-2-ol (2.35): A 500-mL round-bottom flask equipped with magnetic stir bar 
was charged with diol E (5.00 g, 17.1 mmol) and CH2Cl2 (150 mL).  The solution was 
allowed to cool to -30 °C (dry ice/acetone bath).  Bromine (1.95 mL, 38.5 mmol) was 
added in one portion by syringe.  After 20 min, the reaction was quenched by the slow 
addition of a saturated aqueous solution of NaHSO3 (200 mL).  The mixture was allowed 
to warm to 22 °C and stir for an additional 3 h, at which time the layers were partitioned 
and separated.  The organic layer was washed with a saturated aqueous solution of 
NaHCO3 (300 mL), dried over MgSO4, filtered, and concentrated.  The resulting brown 
solid was passed through a short plug of silica gel (eluted with CH2Cl2) to afford F (6.33 
g, 14.1 mmol, 82.5% yield) as a white solid.  F is a previously reported compound; its 
physical and spectral properties match those disclosed.57a 
A 250-mL round-bottom flask containing a magnetic stir bar was charged with 
diol F (3.0 g, 6.7 mmol), CH2Cl2 (130 mL), and Et3N (1.2 mL, 8.7 mmol).  tert-
Butyldimethylsilyl trifluoromethanesulfonate (2.0 mL, 8.7 mmol) was added by syringe 
in one portion and the mixture was allowed to stir for 10 min.  At this time, the mixture 
was diluted with a saturated aqueous solution of NaHCO3 (100 mL) and the layers were 
partitioned.  The aqueous layer was washed with CH2Cl2 (2 x 75 mL) and the combined 
organic layers were dried over MgSO4, filtered, and concentrated to furnish a yellow 
solid.  The solid was purified by silica gel chromatography (dry load method, gravity 
elution, 15:1 petroleum ether:Et2O) and was then (still yellow) dissolved in a minimal 
amount of boiling petroleum ether and cooled to -15 °C (dry ice/acetone bath).  The 
suspension was filtered while cold and dried under reduced pressure to afford 2.35 (2.9 g, 
5.10 mmol, 76.1% yield) as a white solid.  M.p. = 158-159 °C; IR (neat): 3514 (m), 2924 
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(s), 2854 (m), 1441 (s), 1355 (w), 1321 (w), 1251 (s), 1210 (m), 1190 (m), 1161 (m), 
1078 (w), 1022 (m), 980 (w), 966 (m), 864 (m), 839 (s), 797 (m), 781 (s), 702 (m) cm-1; 
1H NMR (400 MHz, CDCl3): δ 7.32 (1H, s), 7.21 (1H, s), 5.11 (1H, s), 2.80-2.65 (4H, 
m), 2.45-2.29 (2H, m), 2.17-1.93 (2H, m), 1.80-1.53 (8H, m), 0.81 (9H, s), 0.11 (3H, s), -
0.34 (3H, s); 13C NMR (100 MHz, CDCl3): δ 148.1, 147.4, 137.1, 136.9, 134.1, 132.6, 
131.8, 131.5, 128.2, 124.9, 112.7, 107.4, 29.4, 29.3, 27.3, 27.1, 26.3, 23.2, 23.1, 23.0, 
22.9, 18.8, -2.7, -4.0.  HRMS (ESI+) [M+H]+ calcd for C26H35Br2O2Si: 565.0773, found: 
565.0755; 20][ Dα  +59.4 (c = 1.00, CHCl3). 
 
 
(R)-2′-(tert-butyldimethylsilyloxy)-5,5′,6,6′,7,7′,8,8′-octahydro-1,1′-binaphthyl-2-ol 
(2.77): A 50-mL round-bottom flask with magnetic stir bar was charged with diol E (1.00 
g, 3.40 mmol) and THF (5.8 mL), and the mixture was allowed to cool to 0 °C (ice bath) 
while stirring.  n-Butyllithium (2.32 mL, 1.50 M in hexanes, 3.50 mmol) was added 
dropwise by syringe, causing a white precipitate to form.  After 15 min, a solution of 
TBSCl (522 mg, 3.50 mmol) in THF (5.5 mL) was added to the mixture by cannula and 
the mixture was allowed to warm to 22 °C.  After 2 h, the mixture became clear and 
colorless and the reaction was quenched through addition of a saturated aqueous solution 
of NaHCO3 (20 mL).  The layers were partitioned and the aqueous layer washed with 
EtOAc (3 x 20 mL).  The combined organic layers were washed with a saturated aqueous 
solution of NaCl (75 mL), dried over MgSO4, filtered, and concentrated.  The resulting 
yellow oil was purified by silica gel chromatography (15:1 petroleum ether:Et2O) to yield 
2.77 (1.16 g, 2.80 mmol, 83.0% yield) as a colorless, viscous oil.  IR (neat): 3539 (w), 
3510 (w), 3446 (br), 2928 (s), 2883 (m), 2857 (s), 1591 (m), 1472 (s), 1390 (w), 1361 
(w), 1329 (w), 1285 (s), 1255 (s), 1213 (w), 1188 (m), 1174 (m), 1156 (m), 1074 (w), 
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1061 (w), 1006 (m), 980 (m), 967 (m), 939 (w), 870 (w), 854 (s), 836 (s), 809 (m), 779 
(m), 692 (w) cm-1; 1H NMR (400 MHz, CDCl3): δ 7.03 (1H, d, J = 8.0 Hz), 6.96 (1H, d, J 
= 8.4 Hz), 6.75 (1H, d, J = 8.0 Hz), 6.73 (1H, d, J = 8.0 Hz), 4.44 (1H, s), 2.82-2.68 (4H, 
m), 2.43-2.33 (2H, m), 2.28-2.10 (2H, m), 1.81-1.62 (8H, m), 0.68 (9H, s), 0.14 (3H, s), 
0.02 (3H, s); 13C NMR (100 MHz, CDCl3): δ 151.5, 150.3, 138.2, 136.3, 130.8, 130.2, 
129.2, 129.1, 125.0, 123.3, 116.7, 112.2, 29.5, 29.5, 27.4, 27.4, 25.2, 23.4, 23.3, 23.2, 
23.1, 17.8, -4.1, -4.8; HRMS (ESI+) [M+H]+ calcd for C26H37O2Si: 409.2563, found: 
409.2551;  20][ Dα  +60.5 (c = 1.33, CHCl3). 
 
 
(R)-3′-bromo-2′-(tert-butyldimethylsilyloxy)-5,5′,6,6′,7,7′,8,8′-octahydro-1,1′-
binaphthyl-2-ol (J): A 25-mL round-bottom flask with magnetic stir bar was charged 
with alcohol 2.77 (946 mg, 2.30 mmol), CH2Cl2 (11.6 mL), and Et3N (645 μL, 4.60 
mmol).  The mixture was allowed to cool to 0 °C (ice bath) and allowed to stir.  Acetyl 
chloride (250 μL, 3.50 mmol) was added dropwise by syringe over 5 min.  The mixture 
was allowed to warm to 22 °C; the solution became yellow and white precipitates 
formed.  After 4 h, the reaction was quenched by the addition of a saturated aqueous 
solution of NaHCO3 (10 mL).  The layers were partitioned and the aqueous layer washed 
with CH2Cl2 (3 x 10 mL).  The combined organic layers were washed with a saturated 
aqueous solution of NaCl (10 mL), dried over MgSO4, filtered, and concentrated.  The 
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yellow oil was purified by silica gel chromatography (15:1 petroleum ether:Et2O) to 
afford G (936 mg, 2.10 mmol, 90.0% yield) as a colorless oil.  1H NMR (400 MHz, 
CDCl3): δ 7.04 (1H, d, J = 8.4 Hz), 6.93 (1H, d, J = 8.4 Hz), 6.90 (1H, d, J = 8.4 Hz), 
6.63 (1H, d, J = 8.4 Hz), 2.85-2.68 (4H, m), 2.43-2.29 (2H, m), 2.28-2.17 (1H, m), 2.17-
2.05 (1H, m), 1.87 (3H, s), 1.79-1.58 (8H, m), 0.65 (9H, s), 0.11 (3H, s), 0.04 (3H, s). 
 A 50-mL round-bottom flask with magnetic stir bar was charged with acetate G 
(936 mg, 2.10 mmol) and CH2Cl2 (20 mL).  The mixture was allowed to cool to -30 °C 
(dry ice/acetone bath) and allowed to stir.  Bromine (101 μL, 2.00 mmol) was added in 
one portion.  The mixture turned from orange to colorless.  After 15 min, the reaction was 
quenched by the slow addition of a saturated aqueous solution of NaHSO3 (20 mL).  The 
mixture was allowed to warm to 22 °C at which time the layers were partitioned.  The 
aqueous layer was washed with CH2Cl2 (2 x 20 mL).  The combined organic layers were 
dried over MgSO4, filtered, and concentrated.  The viscous yellow oil was purified by 
silica gel chromatography (15:1 petroleum ether:Et2O) to yield H (962 mg, 1.80 mmol, 
87.0% yield) as a colorless oil.  1H NMR (400 MHz, CDCl3): δ 7.26 (1H, s), 7.08 (1H, d, 
J = 8.4 Hz), 6.97 (1H, d, J = 8.4 Hz), 2.82-2.75 (2H, m), 2.70 (2H, app t, J = 6.4 Hz), 
2.42 (1H, ddd, JABX = 17.6, 6.8, 6.8 Hz), 2.23 (1H, dd, JABX = 6.4, 6.4 Hz), 2.19 (1H, dd, 
JABX = 6.8, 6.8 Hz), 1.98 (1H, ddd, JABX = 17.6, 6.0, 6.0 Hz), 1.93 (3H, s), 1.78-1.53 (8H, 
m), 0.83 (9H, s), -0.11 (3H, s), -0.20 (3H, s). 
 A 50-mL round-bottom flask with magnetic stir bar was charged with 
monobromoacetate H (962 mg, 1.80 mmol) and MeOH (18 mL).  Potassium carbonate 
(276 mg, 2.00 mmol) was quickly added in one portion and the mixture was allowed to 
stir.  After 2 h, the reaction mixture was filtered through CeliteTM (eluted with copious 
MeOH) and the solution was concentrated.  The yellow solid was purified by silica gel 
chromatography (20:1 petroleum ether:Et2O) to afford J (664 mg, 1.40 mmol, 70.0% 
yield) as a white solid.  M.p. = 118-121 °C;  IR (neat): 3527 (w), 3432 (w), 2927 (m), 
2853 (m), 1592 (w), 1477 (m), 1445 (s), 1421 (m), 1401 (m), 1357 (w), 1327 (w), 1286 
(s), 1252 (s), 1232 (m), 1225 (m), 1205 (s), 1154 (s), 1135 (m), 1076 (m), 1015 (m), 979 
(s), 967 (s), 908 (m), 855 (s), 837 (s), 811 (s), 794 (s), 780 (s), 695 (s), 593 (m) cm-1;  1H 
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NMR (400 MHz, CDCl3): δ 7.35 (1H, s), 6.98 (1H, d, J = 8.0 Hz), 6.72 (1H, d, J = 8.4 
Hz), 4.51 (1H, s), 2.80-2.66 (4H, m), 2.48-2.38 (1H, m), 2.36-2.26 (1H, m), 2.11-2.00 
(2H, m), 1.79-1.55 (8H, m), 0.84 (9H, s), 0.04 (3H, s), -0.27 (3H, s);  13C NMR (100 
MHz, CDCl3): δ 150.6, 148.8, 137.4, 136.5, 134.3, 133.0, 129.9, 129.7, 127.2, 123.1, 
113.0, 112.9, 29.5, 29.2, 27.3, 27.3, 26.2, 23.3, 23.2, 23.1, 22.8, 18.7, -3.0, -3.8;  HRMS 
(ESI+) [M+H]+ calcd for C26H36BrO2Si: 487.1668, found: 487.1674;  20][ Dα  +93.8 (c = 
1.01, CHCl3). 
 
OTBS
OH
2.77
NaH, MOMCl
THF
0 to 22 °C
13 h
OTBS
OMOM
K
i.) n-BuLi, THF
-78 to 0 °C, 1 h
ii.)
Br
Br
F F
F F
THF, -78 to 22 °C, 2 h
OTBS
OMOM
L
Br
93% yield
71% yield
O
OH
M
Br
11% yield
H
Si
Me
H H
Me
Me
nOe
nOe
TFA, CH2Cl2
0 to 22 °C
20 min
 
(R)-3-bromo-2′-(tert-butyldimethylsilyloxy)-5,5′,6,6′,7,7′,8,8′-octahydro-1,1′-
binaphthyl-2-ol (M): A 25-mL round-bottom flask with magnetic stir bar was charged 
with NaH (228 mg, 60% dispersion in mineral oil, 5.70 mmol) and THF (4.5 mL).  The 
mixture was cooled to 0 °C (ice bath) and allowed to stir.  A solution of alcohol 2.77 
(1.16 g, 2.90 mmol) in THF (5 mL) was added to the reaction mixture by cannula; the 
vial containing the alcohol was rinsed with THF (0.5 mL), which was similarly 
transferred to the reaction mixture.  After 15 min, chloromethyl methyl ether (440 μL, 
5.70 mmol) was added to the mixture by syringe and the mixture was allowed to warm to 
22 °C.  After 13 h, the reaction was quenched by the dropwise addition of H2O (10 mL).  
The biphasic mixture was washed with Et2O (3 x 20 mL).  The combined organic layers 
were washed with a saturated aqueous solution of NaCl (50 mL), dried over MgSO4, 
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filtered, and concentrated.  The yellow viscous oil was purified by silica gel 
chromatography (dry load method, 15:1 petroleum ether:Et2O, Rf ~ 0.5) to afford K (1.17 
g, 2.70 mmol, 93.0% yield) as a viscous, colorless oil.  1H NMR (400 MHz, CDCl3): δ 
7.00-6.91 (3H, m), 6.64 (1H, d, J = 8.0 Hz), 5.03 (1H, d, JAB = 6.8 Hz), 4.94 (1H, d, JAB = 
6.8 Hz), 3.32 (3H, s), 2.82-2.66 (4H, m), 2.43-2.29 (2H, m), 2.20-2.05 (2H, m), 1.79-1.57 
(8H, m), 0.64 (9H, s), 0.11 (3H, s), -0.02 (3H, s). 
 A 25-mL round-bottom flask with magnetic stir bar was charged with silyl ether 
K (1.17 g, 2.70 mmol) and THF (10 mL).  The mixture was allowed to cool to -78 °C 
(dry ice/acetone bath) and allowed to stir.  n-Butyllithium (2.78 mL, 1.45 M in hexanes, 
4.00 mmol) was added dropwise by syringe.  The mixture was allowed to warm to 0 °C 
(ice bath) and was held at that temperature for 1 h; the reaction mixture became orange in 
color.  At that time, the mixture was allowed to cool to -78 °C (dry ice/acetone bath) and 
1,2-dibromo-1,1,2,2-tetrafluoroethane (480 μL, 4.00 mmol) was added by syringe; the 
mixture became instantly colorless and was allowed to warm to 22 °C.  Over the course 
of 2 h, the mixture first became yellow and then red-orange.  After 2 h, the reaction was 
quenched by the addition of H2O (10 mL).  The biphasic mixture was washed with Et2O 
(3 x 20 mL).  The combined organic layers were washed with a saturated aqueous 
solution of NaCl (50 mL), dried over MgSO4, filtered, and concentrated.  The yellow oil 
was purified by silica gel chromatography (dry load method, 70:1 petroleum ether:Et2O) 
to afford L (987 mg, 1.90 mmol, 71.0% yield) as a viscous, colorless oil.  1H NMR (400 
MHz, C6D6): δ 7.28 (1H, s), 6.91 (1H, d, J = 8.4 Hz), 6.69 (1H, d, J = 8.4 Hz), 5.09 (1H, 
d, JAB = 5.6 Hz), 4.83 (1H, d, JAB = 5.6 Hz), 2.95 (3H, s), 2.73-2.59 (3H, m), 2.55-2.38 
(3H, m), 2.24-2.13 (2H, m), 1.65-1.39 (8H, m), 0.76 (9H, s), 0.16 (3H, s), 0.14 (3H, s). 
A 250-mL round-bottom flask with magnetic stir bar was charged with silyl ether 
L (987 mg, 1.90 mmol) and CH2Cl2 (19 mL).  The mixture was cooled to 0 °C (ice bath) 
and allowed to stir.  Trifluoroacetic acid (19.0 mL, 256 mmol) was added and the mixture 
allowed to warm to 22 °C, becoming lavender at first and then blue-gray.  After 20 min, 
the mixture was diluted with CH2Cl2 (80 mL).  A saturated aqueous solution of NaHCO3 
was added until pH = 7 (~120 mL).  The layers were partitioned and the aqueous layer 
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was washed with CH2Cl2 (2 x 60 mL).  The combined organic layers were washed with a 
saturated aqueous solution of NaCl (200 mL), dried over MgSO4, filtered, and 
concentrated.  The viscous yellow oil was purified by silica gel chromatography (dry load 
method, 30:1 to 20:1 petroleum ether:Et2O) to afford M (95.0 mg, 0.200 mmol, 11.0% 
yield) as a white foam.  IR (neat): 3522 (w), 2927 (s), 2856 (s), 1589 (w), 1472 (s), 1451 
(s), 1252 (s), 1210 (m), 1176 (m), 1159 (m), 1119 (w), 1074 (m), 1016 (m), 980 (s), 967 
(s), 947 (w), 858 (s), 835 (s), 811 (s), 777 (s), 734 (m), 691 (m) cm-1;  1H NMR (400 
MHz, CDCl3): δ 7.19 (1H, s), 7.02 (1H, d, J = 8.4 Hz), 6.70 (1H, d, J = 8.4 Hz), 4.93 
(1H, s), 2.80-2.68 (4H, m), 2.43-2.28 (2H, m), 2.22-2.05 (2H, m), 1.79-1.60 (8H, m), 
0.66 (9H, s), 0.14 (3H, s), -0.01 (3H, s);  13C NMR (100 MHz, CDCl3): δ 150.9, 147.0, 
137.6, 136.5, 131.4, 130.9, 130.6, 130.2, 125.5, 125.1, 116.5, 106.3, 29.5, 29.3, 27.4, 
27.2, 25.2, 23.2, 23.1, 23.1, 23.1, 17.8, -4.0, -4.8;  HRMS (ESI+) [M+H]+ calcd for 
C26H36BrO2Si: 487.1668, found: 487.1683;  20][ Dα  +42.0 (c = 1.00, CHCl3). The major 
product of the reaction was not the desired product but a dimeric product of unknown 
structure.  LRMS (ES+) found: 1008.6. 
 
 
(R)-3,3′-dibromo-2′-(triethylsilyloxy)-5,5′,6,6′,7,7′,8,8′-octahydro-1,1′-binaphthyl-2-
ol (2.43): A 50-mL round-bottom flask containing a magnetic stir bar was charged with 
diol F (500. mg, 1.11 mmol), CH2Cl2 (20 mL), and Et3N (200. μL, 1.44 mmol).  
Triethylsilyl trifluoromethanesulfonate (325 μL, 1.44 mmol) was added by syringe in one 
portion and the mixture was allowed to stir for 10 min.  At this time, the mixture was 
diluted with a saturated aqueous solution of NaHCO3 (100 mL) and the layers were 
partitioned.  The aqueous layer was washed with CH2Cl2 (2 x 75 mL) and the combined 
organic layers were dried over MgSO4, filtered, and concentrated to furnish a yellow 
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viscous oil.  The oil was purified by silica gel chromatography (dry load method, 50:1 
petroleum ether:Et2O) to afford 2.43 (546 mg, 0.964 mmol, 87.6% yield) as a colorless 
viscous oil.  IR (neat): 3520 (w), 2932 (s), 2875 (m), 2837 (w), 1447 (s), 1423 (m), 1355 
(w), 1339 (w), 1316 (w), 1288 (m), 1273 (m), 1238 (m), 1211 (w), 1179 (w), 1161 (w), 
1078 (w), 1023 (m), 1007 (m), 981 (m), 967 (m), 945 (w), 864 (w), 834 (s), 787 (w), 767 
(w), 742 (s), 708 (m); 1H NMR (400 MHz, CDCl3): δ 7.31 (1H, s), 7.25 (1H, s), 5.08 
(1H, s), 2.82-2.64 (4H, m), 2.45-2.26 (2H, m), 2.12-1.95 (2H, m), 1.79-1.52 (8H, m), 
0.81 (9H, dd, J = 8.0 Hz), 0.52 (3H, dddd, JABX = 14.8, 7.6, 7.6, 7.6 Hz), 0.41 (3H, dddd, 
JABX = 14.8, 8.0, 8.0, 8.0 Hz; 13C NMR (100 MHz, CDCl3): δ 148.7, 147.0, 137.0, 136.5, 
133.4, 132.3, 131.7, 131.4, 128.0, 124.8, 113.0, 107.0, 29.2, 29.2, 27.2, 27.0, 23.0, 23.0, 
22.9, 22.8, 6.9, 5.3; HRMS (ESI+) [M+H]+ calcd for C26H35Br2O2Si: 565.0773, found: 
565.0763; 20][ Dα  +31.3 (c = 1.00, CHCl3). 
 
 
(R)-3,3′-dibromo-2′-(triisopropylsilyloxy)-5,5′,6,6′,7,7′,8,8′-octahydro-1,1′-
binaphthyl-2-ol (2.44): A 50-mL round-bottom flask containing a magnetic stir bar was 
charged with diol F (500. mg, 1.11 mmol), CH2Cl2 (20 mL), and Et3N (200. μL, 1.44 
mmol).  Triethylsilyl trifluoromethanesulfonate (390. μL, 1.45 mmol) was added by 
syringe in one portion and the mixture was allowed to stir for 10 min.  At this time, the 
mixture was diluted with a saturated aqueous solution of NaHCO3 (100 mL) and the 
layers were partitioned.  The aqueous layer was washed with CH2Cl2 (2 x 75 mL) and the 
combined organic layers were dried over MgSO4, filtered, and concentrated to furnish a 
yellow solid.  The solid was purified by silica gel chromatography (dry load method, 50:1 
petroleum ether:Et2O) to afford 2.44 (544 mg, 0.894 mmol, 81.3% yield) as a white solid.  
M.p. = 59-72 °C; IR (neat): 3519 (w), 2928 (m), 2863 (m), 1445 (s), 1422 (m), 1403 (w), 
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1355 (w), 1339 (w), 1315 (w), 1287 (m), 1266 (m), 1210 (m), 1179 (w), 1160 (m), 1071 
(w), 1018 (m), 982 (m), 966 (m), 974 (w), 910 (w), 881 (m), 863 (m), 830 (s), 785 (m), 
764 (w), 730 (w); 1H NMR (400 MHz, CDCl3): δ 7.29 (1H, s), 7.21 (1H, s), 5.03 (1H, s), 
2.80-2.66 (4H, m), 2.38-2.23 (2H, m), 2.03-1.92 (2H, m), 1.76-1.55 (8H, m), 1.08-0.96 
(3H, m), 0.97 (9H, app d, J = 6.8 Hz), 0.88 (9H, app d, J = 7.2 Hz); 13C NMR (100 MHz, 
CDCl3): δ 149.1, 146.9, 136.8, 136.7, 133.7, 131.8, 131.6, 131.5, 127.8, 124.9, 111.6, 
107.1, 29.2, 29.2, 27.2, 27.0, 23.1, 22.9, 22.8, 22.8, 18.4, 18.3, 14.8; HRMS (ESI+) 
[M+H]+ calcd for C29H41Br2O2Si: 607.1243, found: 607.1260; 20][ Dα  +32.1 (c = 1.00, 
CHCl3). 
 
 
(R)-3,3′-difluoro-2′-(tert-butyldimethylsilyloxy)-5,5′,6,6′,7,7′,8,8′-octahydro-1,1′-
binaphthyl-2-ol (2.45): A 25-mL round-bottom flask containing a magnetic stir bar was 
charged with NaH (60% dispersion in mineral oil, 354 mg, 8.80 mmol) and THF (5 mL).  
The resulting suspension was allowed to cool to 0 °C (ice bath) while stirring.  A solution 
of diol F (1.00 g, 2.20 mmol) in THF (4.5 mL) was added to the NaH mixture by 
cannula; the vial containing the diol was rinsed with THF (0.6 mL), which was similarly 
transferred to the mixture.  After 1 h, chloromethyl methyl ether (370. μL, 4.90 mmol) 
was added dropwise by syringe, and the solution was allowed to warm to 22 °C.  After 3 
h, the reaction was quenched by the addition of H2O (10 mL).  The layers were 
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partitioned and the aqueous layer washed with EtOAc (3 x 10 mL).  The combined 
organic layers were dried over MgSO4, filtered, and concentrated.  The resulting yellow 
oil was purified by silica gel chromatography (15:1 petroleum ether:Et2O) to afford N 
(1.19 g, 2.20 mmol, >98.0% yield) as a colorless oil.  1H NMR (400 MHz, CDCl3): δ 7.32 
(2H, br s), 4.93 (2H, d, JAB = 6.0 Hz), 4.84 (2H, d, JAB = 6.0 Hz), 2.85 (6H, s), 2.79-2.72 
(4H, m), 2.40 (2H, ddd, J = 17.2, 6.4, 6.4 Hz), 2.11 (2H, ddd, J = 17.2, 6.0, 6.0 Hz), 1.78-
1.62 (8H, m). 
A 100-mL round-bottom flask with magnetic stir bar was charged with 
bis(methoxymethyl ether) N (1.96 g, 3.60 mmol) and Et2O (16 mL).  The mixture was 
allowed to cool to –78 °C (dry ice/acetone bath), after which n-butyl lithium (6.90 mL, 
1.57 M in hexanes, 10.9 mmol) was added dropwise by syringe.  The resulting mixture 
was allowed to warm to 0 °C (ice bath) and stir for 1 h, over which time a white 
precipitate formed.  A solution of N-fluorobenzenesulfonimide (3.43 g, 10.9 mmol) in 
THF (15 mL) was added to the mixture by cannula; the vial containing N-
fluorobenzenesulfonimide was rinsed with THF (1 mL), which was similarly transferred.  
The mixture was allowed to warm to 22 °C.  Precipitates formed over the course of the 
reaction.  After 3.5 h, the reaction was quenched by addition of H2O (40 mL) and the 
precipitates dissolved completely.  The biphasic mixture was washed with Et2O (3 x 50 
mL).  The combined organic layers were washed with a saturated aqueous solution of 
NaCl (100 mL), dried over MgSO4, filtered, and concentrated.  The resulting yellow oil 
was purified by silica gel chromatography (dry load method, 20:1 petroleum ether:Et2O) 
to furnish O as a viscous yellow oil (971 mg (ca.), 2.30 mmol, 63.8% yield; contaminated 
with ~5% N).  1H NMR (400 MHz, CDCl3): δ 6.84 (2H, d, JHCCF = 11.6 Hz), 4.98 (2H, 
dd, JAB = 6.0, JHF = 0.8 Hz), 4.83 (2H, d, JAB = 6.0 Hz), 3.05 (6H, s), 2.78-2.72 (4H, m), 
2.35 (2H, ddd, J = 16.8, 7.2, 7.2 Hz), 2.11 (2H, ddd, J = 16.8, 6.8, 6.8 Hz), 1.78-1.62 
(8H, m). 
Under an atmosphere of air, a 25-mL round-bottom flask with magnetic stir bar 
was charged with bis(methoxymethyl ether) O (971 mg, 2.30 mmol; contaminated with 
~5% N) and MeOH (7 mL).  Hydrogen chloride (1.2 mL, 4.0 M in dioxane, 4.6 mmol) 
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was added dropwise by syringe and the mixture was allowed to stir.  After 40 min, the 
mixture was diluted with H2O (10 mL) and was subsequently washed with EtOAc (3 x 20 
mL).  The combined organic layers were washed with a saturated aqueous solution of 
NaCl (2 x 60 mL), dried over MgSO4, filtered, and concentrated.  The resulting yellow 
oil was purified by silica gel chromatography (gravity elution, 9:1 CH2Cl2:petroleum 
ether to 100% CH2Cl2) to afford diol P (567 mg, 1.70 mmol, 73.9% yield) as a white 
solid.  1H NMR (400 MHz, CDCl3): δ 6.89 (2H, d, JHCCF = 10.8 Hz), 4.65 (2H, d, JHF = 
3.2 Hz), 2.74 (4H, dd, J = 5.6, 5.6 Hz), 2.29 (2H, ddd, J = 16.8, 6.8, 6.8 Hz), 2.09 (2H, 
ddd, J = 16.8, 6.4, 6.4 Hz), 1.78-1.60 (8H, m). 
A 50-mL round-bottom flask containing a magnetic stir bar was charged with diol 
P (242 mg, 0.751 mmol), CH2Cl2 (15 mL), and Et3N (136 μL, 0.976 mmol).  tert-
Butyldimethylsilyl trifluoromethanesulfonate (224 μL, 0.976 mmol) was added by 
syringe in one portion and the mixture was allowed to stir for 10 min.  At this time, the 
mixture was diluted with a saturated aqueous solution of NaHCO3 (15 mL) and the layers 
were partitioned.  The aqueous layer was washed with CH2Cl2 (3 x 10 mL) and the 
combined organic layers were dried over MgSO4, filtered, and concentrated to furnish a 
viscous yellow oil, which was subsequently purified by silica gel chromatography (15:1 
petroleum ether: Et2O) to deliver 2.45 (228 mg, 0.513 mmol, 68.3% yield) as a white 
solid.  M.p. = 104-106 °C; IR (neat): 3589 (w), 3538 (w), 2928 (s), 2884 (m), 2857 (s), 
1608 (w), 1586 (w), 1471 (s), 1436 (m), 1342 (m), 1315 (s), 1283 (m), 1254 (s), 1227 (s), 
1196 (m), 1175 (m), 1104 (m), 1072 (w), 1013 (w), 970 (s), 940 (s), 904 (m), 865 (s), 839 
(s), 826 (s), 813 (s), 783 (w), 736 (w), 684 (w); 1H NMR (400 MHz, CDCl3): δ 6.85 (1H, 
d, JHCCF = 11.6 Hz), 6.80 (1H, d, JHCCF = 11.2 Hz), 4.59 (1H, d, JHF = 2.8 Hz), 2.80-2.63 
(4H, m), 2.39-2.25 (2H, m), 2.18-2.01 (2H, m), 1.83-1.54 (8H, m), 0.65 (9H, s), 0.12 (3H, 
d, JHF = 3.2 Hz), -0.30 (3H, d, JHF = 2.0 Hz); 13C NMR (100 MHz, CDCl3)58: δ 153.1, 
150.7, 150.6, 148.2, 138.7, 138.6, 138.6, 138.4, 132.3, 132.2, 131.7, 131.7, 131.0, 131.0, 
                                                            
(58) Ten of the 12 aromatic carbons, as well as the two methyl groups of the TBS ether, appear as doublets 
due to splitting from 19F; however, because of the proximity of peaks in the spectrum, the doublets and their 
coupling constants could not be assigned with certainty.  Therefore, all peaks are reported as individual 
singlets. 
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129.7, 129.6, 127.4, 125.0, 116.5, 116.3, 115.1, 114.9, 29.5, 29.5, 26.9, 26.8, 25.3, 23.2, 
23.1, 23.0, 22.9, 18.1, -4.4, -4.5, -5.0, -5.0; HRMS (ESI+) [M+H]+ calcd for 
C26H35F2O2Si: 445.2374, found: 445.2383; 20][ Dα  +60.8 (c = 0.914, CHCl3). 
OTBS
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(R)-3,3′-dichloro-2′-(tert-butyldimethylsilyloxy)-5,5′,6,6′,7,7′,8,8′-octahydro-1,1′-
binaphthyl-2-ol (2.46): A 50-mL round-bottom flask with magnetic stir bar was charged 
with bis(methoxymethyl ether) N (562 mg, 1.00 mmol) and Et2O (16 mL).  The mixture 
was allowed to cool to –78 °C (dry ice/acetone bath), after which n-butyllithium (2.24 
mL, 1.24 M in hexanes, 3.10 mmol) was added dropwise by syringe.  The resulting 
mixture was allowed to warm to 0 °C (ice bath) and stir for 30 min, over which time a 
white precipitate formed.  A solution of hexachloroethane (862 mg, 3.60 mmol) in Et2O 
(9 mL) was added to the mixture by cannula; the vial containing hexachloroethane was 
rinsed with Et2O (1 mL), which was similarly transferred.  After 2 h, the reaction was 
quenched by the addition of H2O (10 mL) and the mixture allowed to warm to 22 °C.  
The layers were partitioned and the aqueous layer was washed with EtOAc (3 x 10 mL).  
The combined organic layers were washed with a saturated aqueous solution of NaCl (50 
mL), dried over MgSO4, filtered, and concentrated.  The resulting brown oil was purified 
by silica gel chromatography (30:1 to 15:1 petroleum ether:Et2O) to furnish Q (550 mg) 
as a light brown, viscous oil.59,60  1H NMR (400 MHz, CDCl3): δ 7.14 (2H, br s), 4.94 
                                                            
(59) This transformation is accomplished by a modified procedure from Snieckus; see: Cox, P. J.; Wang, 
W.; Snieckus, V. Tetrahedron Lett. 1992, 33, 2253–2256. 
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(2H, d, JAB = 6.4 Hz), 4.83 (2H, d, JAB = 6.0 Hz), 2.89 (6H, s), 2.79-2.72 (4H, m), 2.41 
(2H, ddd, J = 17.2, 6.4, 6.4 Hz), 2.12 (2H, ddd, J = 17.2, 6.4, 6.4 Hz), 1.78-1.62 (8H, m). 
A 25-mL round-bottom flask with magnetic stir bar was charged with 
bis(methoxymethyl ether) Q (550 mg)61 and MeOH (6 mL).  Hydrogen chloride (610 μL, 
4.0 M in dioxane, 2.4 mmol) was added dropwise by syringe.  After 2 h, the mixture was 
diluted with H2O (15 mL) and was subsequently washed with EtOAc (4 x 30 mL).  The 
combined organic layers were washed with a saturated aqueous solution of NaCl (50 
mL), dried over MgSO4, filtered, and concentrated to afford R (374 mg) as a light brown, 
viscous oil, which was carried forward without purification.60 1H NMR (400 MHz, 
CDCl3): δ 7.13 (2H, br s), 5.18 (2H, br s), 2.81-2.67 (4H, m), 2.36-2.25 (2H, m), 2.16-
2.05 (2H, m), 1.79-1.60 (8H, m). 
Protection of diol R as the tert-butyldimethylsilyl ether was accomplished through 
the procedure used in the synthesis of alcohol 2.35.  The resulting yellow foam was 
purified by silica gel chromatography (15:1 petroleum ether:Et2O) to provide 2.46 (440 
mg, 0.92 mmol, 92 % yield over 3 steps) as an off-white solid.  M.p. = 163-164 °C; IR 
(neat): 3537 (m), 2929 (s), 2883 (s), 2857 (s), 1451 (s), 1406 (m), 1356 (m), 1340 (w), 
1318 (m), 1290 (s), 1272 (s), 1256 (s), 1212 (m), 1177 (m), 1162 (m), 1082 (m), 1036 
(m), 984 (m), 968 (m), 858 (s), 841 (s), 801 (s), 760 (s) cm-1; 1H NMR (400 MHz, 
CDCl3): δ 7.14 (1H, s), 7.07 (1H, s), 5.12 (1H, s), 2.81-2.66 (4H, m), 2.45-2.31 (2H, m), 
2.19-1.98 (2H, m), 1.79-1.56 (8H, m), 0.78 (9H, s), 0.12 (3H, s), -0.26 (3H, s);  13C NMR 
(100 MHz, CDCl3): δ 146.9, 146.4, 136.1, 135.9, 131.9, 130.8, 130.7, 128.7, 128.1, 
124.8, 122.6, 117.4, 29.4, 29.3, 27.2, 26.9, 25.9, 23.1, 23.0, 22.9, 22.8, 18.6, -3.3, -4.3;  
HRMS (ESI+) [M+H]+ calcd for C26H35Cl2O2Si: 477.1783, found: 477.1768; 20][ Dα  +104 
(c = 0.906, CHCl3). 
                                                                                                                                                                                 
(60) Residual solvent cannot be removed from the purified material. 
(61) The material is a mixture of Q and residual solvent from purification. 
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(R)-3,3′-diiodo-2′-(tert-butyldimethylsilyloxy)-5,5′,6,6′,7,7′,8,8′-octahydro-1,1′-
binaphthyl-2-ol (2.47): A 50-mL round bottom flask with magnetic stir bar was charged 
with bis(methoxymethyl ether) N (562 mg, 1.04 mmol) and Et2O (21 mL).  The mixture 
was allowed to cool to -78 °C (dry ice/acetone bath), after which n-butyl lithium (2.24 
mL, 1.39 M in hexanes, 3.12 mmol) was added dropwise by syringe.  The resulting 
mixture was allowed to warm to 0 °C (ice bath) and stir for 30 min, over which time a 
white precipitate formed.  A solution of iodine (924 mg, 3.64 mmol) in Et2O (4 mL) was 
added to the mixture by cannula; the vial containing iodine was rinsed with Et2O (1 mL), 
which was similarly transferred.  After 2 h, the reaction was quenched by the addition of 
a saturated aqueous solution of Na2S2O3 (10 mL); the biphasic mixture was allowed to 
stir until the orange color of iodine had disappeared.  The layers were then partitioned 
and the aqueous layer washed with EtOAc (3 x 5 mL).  The combined organic layers 
were washed with a saturated aqueous solution of NaCl (50 mL), dried over MgSO4, 
filtered, and concentrated.  The resulting brown oil was purified by silica gel 
chromatography (30:1 petroleum ether:Et2O) to deliver S (625 mg, 0.985 mmol, 94.7% 
yield) as a colorless foam.  1H NMR (400 MHz, CDCl3): δ 7.56 (2H, s), 4.87 (2H, d, JAB 
= 6.0 Hz), 4.83 (2H, d, JAB = 6.0 Hz), 2.83 (6H, s), 2.78-2.70 (4H, m), 2.40 (2H, ddd, J = 
17.6, 6.4, 6.4 Hz), 2.11 (2H, ddd, J = 17.2, 6.0, 6.0 Hz), 1.76-1.60 (8H, m). 
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A 50-mL round-bottom flask with magnetic stir bar was charged with 
bis(methoxymethyl ether) S (625 mg, 0.985 mmol) and MeOH (5 mL).  Hydrogen 
chloride (490 μL, 4.0 M in dioxane, 2.0 mmol) was added dropwise by syringe and the 
mixture allowed to stir.  After 2 h, the mixture was diluted with H2O (20 mL) and the 
desired product precipitated from solution.  The mixture was filtered and the solid dried 
in vacuo to afford diol T (478 mg, 0.875 mmol, 88.8% yield) as a white solid.  1H NMR 
(400 MHz, CDCl3): δ 7.51 (2H, s), 4.96 (2H, s), 2.73 (4H, dd, J = 5.6, 5.6 Hz), 2.27 (2H, 
ddd, J = 17.2, 6.4, 6.4 Hz), 2.09 (2H, ddd, J = 17.2, 6.0, 6.0 Hz), 1.77-1.58 (8H, m). 
Protection of diol T as the tert-butyldimethylsilyl ether was accomplished through 
the procedure used in the synthesis of alcohol 2.35.  The resulting yellow foam was 
purified by silica gel chromatography (15:1 petroleum ether: Et2O) to provide 2.47 (572 
mg, 0.866 mmol, >98.0% yield) as a white solid.  M.p. =  66-74 °C; IR (neat): 3522 (w), 
3489 (w), 2925 (m), 2854 (m), 1570 (w), 1438 (s), 1420 (m), 1390 (m), 1356 (w), 1339 
(w), 1313 (m), 1251 (s), 1214 (m), 1177 (m), 1156 (m), 1074 (m), 1016 (m), 979 (m), 
966 (m), 944 (w), 911 (w), 860 (m), 836 (s), 780 (s), 728 (m), 697 (m); 1H NMR (400 
MHz, CDCl3): δ 7.62 (1H, s), 7.44 (1H, s), 5.04 (1H, s), 2.78-2.66 (4H, m), 2.45-2.30 
(2H, m), 2.05-1.92 (2H, m), 1.78-1.53 (8H, m), 0.89 (9H, s), 0.14 (3H, s), -0.36 (3H, s); 
13C NMR (100 MHz, CDCl3): δ 150.9, 149.7, 141.0, 138.2, 138.0, 137.8, 133.6, 132.3, 
126.8, 124.0, 87.8, 81.4, 29.2, 29.1, 27.3, 27.0, 26.6, 23.1, 23.0, 22.9, 22.8, 18.7, -1.6, -
3.5; HRMS (ESI+) [M+H]+ calcd for C26H35I2O2Si: 661.0496, found: 661.0468; 20][ Dα  
+22.1 (c = 0.830, CHCl3). 
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(R)-2′-(tert-butyldimethylsilyloxy)-3,3′-dimethyl-5,5′,6,6′,7,7′,8,8′-octahydro-1,1′-
binaphthyl-2-ol (2.48): A 100-mL round-bottom flask with magnetic stir bar was 
charged with NaH (1.10 g, 60% dispersion in mineral oil, 27.4 mmol) and THF (20 mL).  
The suspension was allowed to cool to 0 °C (ice bath) and stir.  A solution of diol E (2.00 
g, 6.85 mmol) in THF was added dropwise by cannula; the vial containing E was rinsed 
with THF (2 mL), which was similarly transferred.  The mixture was allowed to stir for 2 
h, during which time the color changed from gray to brown.  Then, chloromethyl methyl 
ether (1.15 mL, 15.1 mmol) was added dropwise by syringe, and the solution was 
allowed to warm to 22 °C.  After 14 h, the mixture was diluted with Et2O (12 mL) and 
the reaction quenched by the slow addition of H2O (10 mL).  The layers were partitioned 
and the organic layer washed with H2O (2 x 15 mL).  The organic layer was then dried 
over MgSO4, filtered, and concentrated.  The resulting yellow oil was purified by silica 
gel chromatography (7:1 petroleum ether:Et2O) to afford U (1.92 g, 5.02 mmol, 73.3% 
yield) as a viscous colorless oil.  Bis(methoxymethyl ether) U is a known compound and 
the spectral data were identical to those previously reported.62 
 A 250-mL round-bottom flask with magnetic stir bar was charged with 
bis(methoxymethyl ether) U (1.92 g, 5.02 mmol) and Et2O (80 mL).  The mixture was 
allowed to stir and n-butyllithium (13.9 mL, 1.08 M in hexanes, 15.0 mmol) was added 
                                                            
(62) Takasaki, M.; Motoyama, Y.; Yoon, S-H.; Mochida, I.; Nagashima, H. J. Org. Chem. 2007, 72, 
10291-10293. 
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dropwise by syringe.  The mixture first turned yellow and then quickly brown with a 
precipitate ultimately forming.  After 3 h, the mixture was allowed to cool to 0 °C and 
THF (50 mL) and MeI (1.09 mL, 17.6 mmol) were added sequentially.  Within 5 min, the 
precipitate dissolved and the mixture was quenched by the addition of saturated aqueous 
NH4Cl (120 mL).  The layers were partitioned and the aqueous layer washed with Et2O (3 
x 50 mL).  The combined organic layers were then dried over MgSO4, filtered, and 
concentrated.  The resulting yellow oil was purified by silica gel chromatography (dry 
load method, 50:3 petroleum ether:Et2O) to afford V (1.20 g, 2.92 mmol, 58.1% yield) as 
a viscous yellow oil. 
 A 100-mL round-bottom flask with magnetic stir bar was charged with 
bis(methoxymethyl ether) V (1.20 g, 2.92 mmol) and MeOH (20 mL).  Hydrogen 
chloride (1.45 mL, 4.0 M in dioxane, 5.8 mmol) was added dropwise by syringe and the 
mixture was allowed to stir.  After 2 h, the mixture was diluted with H2O (20 mL) and a 
white precipitate formed.  The mixture was washed with CH2Cl2 (4 x 20 mL).  The 
combined organic layers were then dried over MgSO4, filtered, and concentrated.  The 
mixture was repeatedly taken up in Et2O, which was subsequently removed in vacuo to 
eliminate trace solvents.  In this manner, diol W was obtained as a viscous yellow oil.  
Diol W is a known compound and the spectral data were identical to those previously 
reported.57a 
 Protection of diol W as the tert-butyldimethylsilyl ether was accomplished 
through the procedure used in the synthesis of alcohol 2.35.  The resulting yellow foam 
was purified by silica gel chromatography (dry load method, 50:1 petroleum ether: Et2O) 
to provide 2.48 (232 mg, 0.531 mmol, 59.0% yield) as a white solid.  1H NMR (400 
MHz, CDCl3): δ 6.93 (1H, s), 6.81 (1H, s), 4.60 (1H, s), 2.76-2.62 (4H, m), 2.41-2.23 
(2H, m), 2.22 (3H, s), 2.18 (3H, s), 2.15-1.98 (2H, m), 1.76-1.54 (8H, m), 0.79 (9H, s), -
0.10 (3H, s), -0.36 (3H, s). 
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(R)-2′-(tert-butyldimethylsilyloxy)-3,3′-bis(trifluoromethyl)-5,5′,6,6′,7,7′,8,8′-
octahydro-1,1′-binaphthyl-2-ol (2.49): In an N2-filled dry box, a 25-mL round-bottom 
flask with magnetic stir bar was charged with CuI (379 mg, 1.99 mmol), sealed, and 
brought to a fume hood.  In a fume hood, a solution of diiodide S (526 mg, 0.829 mmol), 
methyl 2,2-difluoro-2-(fluorosulfonyl)acetate (422 μL, 3.31 mmol), and HMPA (577 μL, 
3.32 mmol) in DMF (8.4 mL) was added to the CuI-containing flask by cannula; the flask 
containing the mixture of reagents (except CuI) was rinsed with DMF (2 mL), which was 
similarly transferred.  The mixture was then heated to 70 °C and allowed to stir.  The 
reaction became orange at 1 h and after 6 h was allowed to cool to 22 °C.  The solution 
was diluted with CH2Cl2 (200 mL) and washed with H2O (200 mL) and saturated 
aqueous NaCl (50 mL).  The organic layer was dried over MgSO4, filtered, and 
concentrated.  The resulting yellow oil was purified by silica gel chromatography (30:1 
petroleum ether:Et2O) to afford Y (202 mg, 0.390 mmol, 47.0% yield) as a yellow solid. 
 A 10-mL round-bottom flask with magnetic stir bar was charged with 
bis(methoxymethyl ether) Y (202 mg, 0.390 mmol) and MeOH (1.95 mL).  Hydrogen 
chloride (195 μL, 4.0 M in dioxane, 0.78 mmol) was added dropwise by syringe and the 
mixture was allowed to stir.  After 30 min, the mixture was diluted with H2O (5 mL) and 
EtOAc (10 mL).  The layers were partitioned and the aqueous layer washed with EtOAc 
(3 x 10 mL).  The combined organic layers were dried over MgSO4, filtered, and 
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concentrated.  The resulting colorless oil Z (166 mg, 0.386 mmol, >98.0% yield) was 
used without purification in the next reaction. 
 Protection of diol Z as the tert-butyldimethylsilyl ether was accomplished through 
the procedure used in the synthesis of alcohol 2.35.  The resulting yellow oil was purified 
by silica gel chromatography (30:1 petroleum ether: Et2O) to provide 2.49 (198 mg, 
0.364 mmol, 95.0% yield) as a white solid. 
 
 
(R)-3,3′-difluoro-2′-(triethylsilyloxy)-5,5′,6,6′,7,7′,8,8′-octahydro-1,1′-binaphthyl-2-
ol (2.50): A 50-mL round-bottom flask containing a magnetic stir bar was charged with 
diol P (332 mg, 1.00 mmol) and CH2Cl2 (20 mL), and Et3N (170. μL, 1.22 mmol).  
Triethylsilyl trifluoromethanesulfonate (270. μL, 1.19 mmol) was added by syringe in 
one portion and the mixture was allowed to stir for 30 min.  At this time, the mixture was 
diluted with a saturated aqueous solution of NaHCO3 (20 mL) and the layers were 
partitioned.  The aqueous layer was washed with CH2Cl2 (2 x 20 mL) and the combined 
organic layers were dried over MgSO4, filtered, and concentrated.  The resulting yellow 
oil was purified by silica gel chromatography (15:1 petroleum ether:Et2O) to afford 2.50 
(295 mg, 0.664 mmol, 66.1% yield) as a viscous yellow oil, which solidified on standing 
in a freezer (-20 °C).  (CAUTION: Phenol 2.50 is a strong lachrymator!)  1H NMR (400 
MHz, CDCl3): δ 6.85 (1H, d, JHCCF = 11.6 Hz), 6.82 (1H, d, JHCCF = 12.0 Hz), 4.56 (1H, 
d, JHF = 2.8 Hz), 2.83-2.64 (4H, m), 2.40-2.26 (2H, m), 2.19-2.02 (2H, m), 1.84-1.56 (8H, 
m), 0.78 (9H, app t, J = 8.0 Hz), 0.59-0.43 (6H, m); 13C NMR (100 MHz, 
CDCl3): δ 152.2 (d, JCF = 24.9 Hz), 149.3 (d, JCF = 23.7 Hz), 139.1 (d, JCF = 12.9 Hz), 
138.4 (d, JCF = 12.4 Hz), 132.1 (d, JCF = 2.7 Hz), 131.7 (d, JCF = 3.0 Hz), 130.9 (d, JCF = 
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7.3 Hz), 129.5 (d, JCF = 6.0 Hz), 127.4, 125.0, 116.2 (d, JCF = 18.2 Hz), 114.9 (d, JCF = 
16.8 Hz), 29.5, 29.5, 26.9, 26.7, 23.2, 23.1, 23.1, 22.9, 6.5, 5.2. 
 
 
(R)-3,3′-difluoro-2′-(tert-butyldiphenylsilyloxy)-5,5′,6,6′,7,7′,8,8′-octahydro-1,1′-
binaphthyl-2-ol (2.51): A 10-mL round-bottom flask containing a magnetic stir bar was 
charged with K2CO3 (96.0 mg, 0.695 mmol), which was flame-dried.  A solution of diol 
P (177 mg, 0.536 mmol) in DMF (2 mL) was added by cannula; the vial containing P 
was rinsed with DMF (0.6 mL), which was similarly transferred.  tert-Butyldiphenylsilyl 
chloride (275 μL, 1.07 mmol) was added dropwise by syringe and the mixture allowed to 
stir.  After 2 h, the mixture was diluted with H2O (4 mL) and CH2Cl2 (1 mL) and then 
washed with Et2O (3 x 15 mL).  The combined organic layers were washed with H2O (2 x 
50 mL), dried over MgSO4, filtered, and concentrated.  The resulting yellow foam was 
purified by silica gel chromatography (dry load method, 15:1 to 5:1 petroleum 
ether:Et2O) to afford 2.51 (205 mg, 0.360 mmol, 67.3% yield) as a white solid.  1H NMR 
(400 MHz, CDCl3): δ 7.59 (4H, app d, J = 8.0 Hz), 7.44-7.28 (6H, m), 6.88 (1H, d, JHCCF 
= 11.2 Hz), 6.62 (1H, d, JHCCF = 11.2 Hz), 4.62 (1H, s), 2.82-2.62 (4H, m), 2.50-2.30 
(2H, m), 2.27-2.13 (2H, m), 1.81-1.61 (8H, m), 0.73 (9H, s). 
 
Chapter 2 
Page 132  
 
(S)-3,3′-dibromo-2′-(tert-butyldimethylsilyloxy)-5,5′,6,6′-tetramethylbiphenyl-2-ol 
(2.52): Diol AA was prepared according to a procedure by Ojima and coworkers.63  A 
100-mL round-bottom flask containing a magnetic stir bar was charged with diol 2.6 
(1.62 g, 4.56 mmol) and C6H6 (23 mL); the mixture was allowed to stir and cool to 0 °C 
(ice bath).  In an N2-filled dry box, a 25-mL round-bottom flask was charged with AlCl3 
(972 mg, 7.29 mmol).  In a fume hood, C6H6 (4.5 mL) and nitromethane (9 mL) were 
added to the AlCl3.  The AlCl3 solution was added to the solution of 2.6 by cannula over 
a 30 min period.  After an additional 20 min of stirring, the mixture was quenched by the 
addition of H2O (20 mL).  The layers were partitioned and the aqueous layer washed with 
Et2O (3 x 20 mL).  The combined organic layers were washed with saturated aqueous 
NaCl (50 mL), dried over Na2SO4, filtered, and concentrated.  The resulting off-white 
solid was purified by crystallization from hexanes/CH2Cl2 to afford AA (951 mg, 3.92 
mmol, 86.0% yield) as a white solid.  The physical and spectral data were identical to 
those previously reported.63 
 Diol BB was prepared according to a procedure by Ojima and coworkers.63  A 50-
mL round-bottom flask containing a magnetic stir bar was charged with diol AA (500 
mg, 2.06 mmol) and CH2Cl2 (13 mL); the mixture was allowed to stir.  Bromine (239 μL, 
4.65 mmol) was added dropwise by syringe.  After 30 min, the reaction was quenched by 
                                                            
(63) Hua, Z.; Vassar, V. C.; Ojima, I. Org, Lett. 2003, 5, 3831-3834. 
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the addition of saturated aqueous Na2SO3 (20 mL) and allowed to stir for 30 min when 
the orange color of Br2 had disappeared.  The layers were partitioned and the aqueous 
layer was washed with CH2Cl2 (2 x 50 mL).  The combined organic layers were dried 
over Na2SO4, filtered, and concentrated, affording diol BB (532 mg, 1.33 mmol, 64.6% 
yield) as a white solid.  The physical and spectral data were identical to those previously 
reported.63 
 Protection of diol BB as the tert-butyldimethylsilyl ether was accomplished 
through the procedure used in the synthesis of alcohol 2.35.  The resulting viscous 
colorless oil was purified by silica gel chromatography (30:1 petroleum ether: Et2O) to 
provide 2.52 (310. mg, 0.603 mmol, 96.5% yield) as a white solid. 
 
 
(S)-3,3′-di-tert-butyl-2′-(tert-butyldimethylsilyloxy)-5,5′,6,6′-tetramethylbiphenyl-2-
ol (2.53): In an N2-filled dry box, a 25-mL round-bottom flask containing a magnetic stir 
bar was charged with KH (34.0 mg, 0.850 mmol).  In a fume hood, THF (6 mL) was 
added and the slurry was allowed to stir and cool to 0 °C (ice bath).  A solution of diol 
2.6 (300. mg, 0.847 mmol) in THF (1.5 mL) was added dropwise to the KH slurry by 
cannula; the vial containing 2.6 was rinsed with THF (1 mL), which was similarly 
transferred.  After 10 min, tert-butyldimethylsilyl trifluoromethanesulfonate (220. μL, 
0.958 mmol) was added dropwise by syringe and the mixture was allowed to warm to 22 
°C.  After 14 h, the mixture was diluted with saturated aqueous NaHCO3 (20 mL) and 
then washed with Et2O (3 x 10 mL).  The combined organics were dried over MgSO4, 
filtered, and concentrated.  The resulting colorless oil was purified by silica gel 
chromatography (dry load method, gravity elution, 100% petroleum ether) to afford 2.53 
(201 mg, 0.429 mmol, 50.6% yield) as a white solid.  1H NMR (400 MHz, 
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CDCl3): δ 7.18 (1H, s), 7.01 (1H, s), 4.95 (1H, s), 2.23 (3H, s), 2.20 (3H, s), 1.78 (3H, s), 
1.70 (3H, s), 1.42 (9H, s), 1.38 (9H, s), 0.85 (9H, s), -0.23 (3H, s), -0.46 (3H, s). 
 
Stereoselective in situ generation of monoalkoxide complexes for NMR studies: 
General Procedure: A 4-mL vial with magnetic stir bar was charged with bis-pyrrolide 
2.3b (5.4 mg, 9.1 μmol), phenol 2.33 (5.1 mg, 9.1 μmol), and C6D6 (500 μL) in an N2-
filled dry box.  The vial was tightly capped and the mixture allowed to stir for 1 h.  At 
that time, the mixture was transferred to a screw-cap NMR tube by pipet.  The NMR tube 
was tightly capped and sealed with Teflon tape.  For in situ-generated complexes, only 
the diagnostic 1H-signals of the α-carbon of the syn-alkylidenes are reported.  1H NMR 
(400 MHz, C6D6): δ 12.92 (1H, s), 11.58 (1H, s); d.r. = 1:7 (entry 2, Table 2.8).64  NMR 
data are summarized in Table 2.8.  The identity of alkylidene signals as monoaryloxide or 
bis-aryloxide was determined through additional experiments where 0.5 or 2.0 
equivalents of phenol were added to the bis-pyrrolide complex. 
                                                            
(64) The d.r. reflects the ratio of syn-alkylidene isomers.  In certain cases, what are presumed to be anti-
alkylidene isomers can also be detected but usually represent <5% of the reaction mixture. 
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entry bis-pyrrolide phenol
in situ
complex conv (%)
a bis-aryloxide (%)
chemical
shiftb dr
c
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
Table 2.8 NMR studies for in situ catalyst generation
2.3a
2.3b
2.3a
2.3b
2.3a
2.3b
2.3a
2.3b
2.3a
2.3b
2.3b
2.3b
2.3b
2.3b
2.3b
2.3b
2.3b
2.3b
2.3b
2.3b
2.3a
2.4b
2.54
2.55
2.56
2.33
2.33
2.35
2.35
2.77
2.77
J
J
M
M
2.43
2.44
2.45
2.46
2.47
2.48
2.49
2.50
2.51
2.52
2.53
2.35
2.35
2.35
2.35
2.34a
2.34b
2.36a
2.36b
2.38a
2.38b
2.39a
2.39b
2.40a
2.40b
2.66
2.67
>98
>98
>98
95
>98
>98
>98
>98
>98
92
92
75f
>98
>98
94f
>98
83f
~90
95
>98
~90f
70
>98
91
83
0
0
0
0
0
10
<5
<5
0e
0
0
0
0
0
0h
0
0
0
0
0
0
8
0
~10
24
12.38, 11.73
12.92, 11.58
12.86, 12.84
12.90, 12.42
12.23, 12.23
12.35, 12.25
12.37, 12.30
12.42, 12.27
12.76, 12.74
12.70, 12.28
12.95, 12.31
13.05, 12.29
12.62,g 12.31
13.06, 12.54
12.70, 12.41
12.38, 11.97
12.96, 12.48
12.67,g 12.33
12.64,g 12.36
12.70, 11.99
12.74, 12.36
12.88, 12.52
13.02, 12.96
12.68, 12.64
12.70, 12.40
1:19
1:7
>20:1
1:7
1:1d
1:2.5
1:1
1:4.5
10:1
1:2
1:1
1:3
1:6
1:5
1:3
3:1
1:1
1:3.5
1:6
1:1
17:1
1:2.5
8:1
1:2
1:4.5
a Conversion in 1 h at 22 °C unless otherwise noted. b Refers to the chemical shifts of the two syn-alkylidene monoaryloxide
diastereomers. c Determined by integration of the syn-alkylidene protons of the two diastereomers. d The diastereomeric
ratio was determined by integration of the methyl groups of the TBS moiety of the two diastereomers. e Ca. 10% of a
presumed anti-alkylidene could be observed and was not factored into the dr calculation. f Reaction run at 60 °C. g Peak is a
doublet due to long-range splitting by fluorine. h Although no bis-aryloxide formed, three minor alkylidene signals were also
present, comprising ca. 5% of the mixture.  
 
Synthesis of isolated, diastereomerically pure complex 2.36b: 
In an N2-filled glovebox, a 25-mL pear-shaped flask with magnetic stir bar was charged 
with bis-pyrrolide complex 2.3b (150 mg, 254 μmol) and Et2O (4.0 mL).  The flask was 
sealed and allowed to cool to -50 °C (glovebox freezer).  An 8-mL vial was charged with 
phenol 2.35 (144 mg, 254 μmol) and Et2O (0.6 mL).  The vial was tightly capped and 
allowed to cool to -50 °C (glovebox freezer).  The Mo bis-pyrrolide solution was allowed 
to stir and the chilled phenol solution was added to it by pipet; the vial containing the 
phenol was rinsed with Et2O (0.6 mL, -50 °C), which was similarly transferred to the 
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reaction mixture, and the resulting solution was allowed to warm to 22 °C.  As the 
reaction progressed, the mixture turned from bright yellow to red.  After 1 h at 22 °C, 
volatiles were removed under reduced pressure, and the resulting residue red solid was 
dissolved in n-pentane (5 mL), which was subsequently removed in vacuo to afford a red-
orange powder (this procedure can be repeated until a powder is obtained).  The powder 
was dissolved in n-pentane (2 mL) with vigorous stirring; once the entire solid had 
dissolved, the flask was sealed and allowed to cool to -50 °C (glovebox freezer) for 12 h, 
after which large red crystals appeared.  The crystals were collected by vacuum filtration 
and washed with cold n-pentane (~5 mL, -50 °C) to afford diastereomerically pure 2.36b 
(contains 1 molecule of n-pentane per 1 molecule of 2.36b) (170 mg, 150 μmol, 59.0% 
yield).  1H NMR (400 MHz, C6D6): δ 12.42 (1H, s), 7.31 (1H, s), 7.29-7.27 (1H, m), 
7.27-7.24 (1H, m), 7.14-7.05 (3H, m), 7.03-6.98 (4H, m), 5.81 (2H, s), 4.60-3.00 (2H, 
br), 2.59-1.81 (13H, m), 1.81 (3H, s), 1.71 (3H, s), 1.60-1.35 (8H, m), 1.30-1.03 (13H, 
m), 0.99 (9H, s), 0.06 (3H, s), 0.03 (3H, s); 1H NMR (400 MHz, CDCl3): δ 12.23 (1H, s), 
7.34-7.28 (2H, m), 7.25-7.05 (7H, m), 6.97 (1H, s), 5.54 (2H, s), 4.00-3.10 (2H, br), 2.81-
2.67 (2H, m), 2.51-2.32 (2H, m), 2.31-2.13 (3H, m), 2.12-2.02 (1H, m), 2.00-1.40 (16H, 
m), 1.77 (3H, s), 1.67 (3H, s), 1.38-1.22 (4H, m), 1.30 (6H, d, J = 6.8 Hz), 0.80 (9H, s), -
0.17 (6H, s);  13C NMR (100 MHz, CDCl3): δ 291.7, 157.4, 153.3, 147.9, 147.1, 136.4, 
134.9, 134.2 (br), 133.8, 132.5, 132.0, 131.7, 129.3, 128.4, 128.3, 128.2, 126.3, 126.0, 
123.1, 112.4, 110.3, 108.4 (br), 55.2, 34.3, 31.7, 29.9, 29.4, 28.7, 28.5, 28.4, 27.6, 26.2, 
24.0 (br), 23.7, 23.1, 23.0, 22.8, 22.6, 22.5, 18.8, 16.2 (br), 14.2, –3.0, –3.1; Anal. calcd 
for C59H82Br2MoN2O2Si: C, 62.43; H, 7.28; N, 2.47; found: C, 62.40; H, 7.22; N, 2.77. 
 
Crystal structure data for (S)-2.36b: 
The crystal structure of (S)-2.36b was obtained by Dr. Brad Bailey and Keith Wampler 
(MIT).  There assistance is gratefully acknowledged. 
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Table 1. Crystal data and structure refinement for 07190 
Identification code  07190 
Empirical formula  MoC59H82N2O2SiBr2 
Formula weight  1135.12 
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  P2(1) 
Unit cell dimensions a = 14.8369(12) Å α= 90° 
 b = 14.6098(12) Å β= 103.2760(10)° 
 c = 27.373(2) Å γ = 90° 
Volume 5774.8(8) Å3 
Z 4 
Density (calculated) 1.306 Mg/m3 
Absorption coefficient 1.672 mm–1 
F(000) 2368 
Crystal size 0.80 x 0.60 x 0.30 mm3 
Theta range for data collection 0.76 to 29.57° 
Index ranges –20<=h<=20, –20<=k<=20, –38<=l<=38 
Reflections collected 128277 
Independent reflections 32378 [R(int) = 0.0388] 
Completeness to theta = 29.57° 100.0 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.6338 and 0.3480 
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Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 32378 / 161 / 1232 
Goodness-of-fit on F2 1.023 
Final R indices [I>2sigma(I)] R1 = 0.0318, wR2 = 0.0722 
R indices (all data) R1 = 0.0418, wR2 = 0.0764 
Absolute structure parameter 0.002(3) 
Largest diff. peak and hole 1.288 and –0.489 e.Å–3 
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Table 2. Atomic coordinates (x104) and equivalent  isotropic displacement 
parameters (Å2x103) for 07190.  U(eq) is defined as one third of  the trace of the 
orthogonalized Uij tensor 
___________________________________________________________________________
_____  
x y z U(eq) 
___________________________________________________________________________
_____   
Mo(1A) 6369(1) -289(1) 6539(1) 14(1) 
C(1A) 6747(2) -1446(2) 6357(1) 19(1) 
C(2A) 7203(2) -2350(2) 6544(1) 23(1) 
C(3A) 7369(2) -2405(2) 7122(1) 27(1) 
C(4A) 6532(2) -3136(2) 6325(1) 34(1) 
C(5A) 8104(2) -2418(2) 6360(1) 29(1) 
C(6A) 8960(2) -2205(2) 6677(1) 35(1) 
C(7A) 9760(2) -2217(2) 6501(2) 49(1) 
C(8A) 9727(3) -2435(3) 6009(2) 63(1) 
C(9A) 8874(3) -2646(3) 5690(2) 62(1) 
C(10A) 8080(3) -2635(2) 5866(1) 44(1) 
N(1A) 6855(1) -255(1) 7177(1) 16(1) 
C(11A) 7270(2) -193(2) 7689(1) 17(1) 
C(12A) 8247(2) -154(2) 7839(1) 19(1) 
C(13A) 8648(2) -180(2) 8350(1) 23(1) 
C(14A) 8102(2) -195(2) 8699(1) 23(1) 
C(15A) 7147(2) -167(2) 8546(1) 23(1) 
C(16A) 6704(2) -181(2) 8036(1) 18(1) 
C(17A) 8819(2) -35(2) 7451(1) 23(1) 
C(18A) 9821(2) -372(2) 7623(1) 37(1) 
C(19A) 8798(2) 977(2) 7295(1) 30(1) 
C(20A) 5656(2) -150(2) 7868(1) 22(1) 
C(21A) 5177(2) -800(2) 8163(1) 40(1) 
C(22A) 5310(2) 834(2) 7904(1) 34(1) 
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N(2A) 7058(1) 618(1) 6202(1) 19(1) 
C(23A) 6868(2) 1547(2) 6273(1) 22(1) 
C(24A) 7461(2) 2075(2) 6077(1) 29(1) 
C(25A) 8045(2) 1470(2) 5886(1) 26(1) 
C(26A) 7796(2) 598(2) 5958(1) 21(1) 
C(27A) 6115(2) 1826(2) 6526(1) 32(1) 
C(28A) 8179(2) -274(2) 5812(1) 29(1) 
O(1A) 5030(1) -208(1) 6344(1) 18(1) 
C(29A) 4284(2) -682(2) 6094(1) 15(1) 
C(30A) 4034(2) -1520(2) 6274(1) 16(1) 
C(31A) 3242(2) -1980(2) 6022(1) 19(1) 
C(32A) 2675(2) -1616(2) 5587(1) 17(1) 
C(33A) 1835(2) -2147(2) 5326(1) 23(1) 
C(34A) 1094(2) -1538(2) 5007(1) 25(1) 
C(35A) 1537(2) -962(2) 4663(1) 24(1) 
C(36A) 2264(2) -312(2) 4961(1) 20(1) 
C(37A) 2898(2) -759(2) 5411(1) 16(1) 
C(38A) 3695(2) -291(2) 5670(1) 16(1) 
C(39A) 3903(2) 657(2) 5512(1) 15(1) 
C(40A) 3377(2) 1384(2) 5634(1) 17(1) 
C(41A) 3539(2) 2261(2) 5472(1) 23(1) 
C(42A) 4232(2) 2420(2) 5222(1) 24(1) 
C(43A) 4779(2) 1711(2) 5113(1) 22(1) 
C(44A) 5522(2) 1925(2) 4830(1) 26(1) 
C(45A) 6120(3) 1111(3) 4764(2) 25(1) 
C(46A) 5507(3) 269(3) 4630(2) 23(1) 
C(45B) 5720(8) 1070(6) 4524(4) 27(2) 
C(46B) 5922(7) 262(6) 4888(4) 26(2) 
C(47A) 5094(2) 11(2) 5078(1) 20(1) 
C(48A) 4590(2) 815(2) 5245(1) 17(1) 
O(2A) 2668(1) 1222(1) 5867(1) 18(1) 
Si(1A) 2627(1) 1296(1) 6473(1) 17(1) 
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C(49A) 3075(2) 225(2) 6817(1) 26(1) 
C(50A) 3356(2) 2271(2) 6778(1) 29(1) 
C(51A) 1358(2) 1429(2) 6457(1) 21(1) 
C(52A) 1244(2) 1643(2) 6991(1) 30(1) 
C(53A) 920(2) 2214(2) 6109(1) 33(1) 
C(54A) 845(2) 529(2) 6278(1) 34(1) 
Br(1A) 4699(1) -1999(1) 6893(1) 24(1) 
Br(2A) 2755(1) 3246(1) 5559(1) 33(1) 
Mo(1) 1471(1) -195(1) 1531(1) 14(1) 
C(1) 1739(2) -1229(2) 1180(1) 17(1) 
C(2) 2101(2) -2200(2) 1209(1) 19(1) 
C(3) 1281(2) -2837(2) 978(1) 25(1) 
C(4) 2478(2) -2491(2) 1755(1) 23(1) 
C(5) 2834(2) -2238(2) 892(1) 21(1) 
C(6) 3772(2) -2267(2) 1102(1) 26(1) 
C(7) 4417(2) -2251(2) 804(1) 32(1) 
C(8) 4134(2) -2221(2) 291(1) 33(1) 
C(9) 3196(2) -2192(2) 72(1) 30(1) 
C(10) 2558(2) -2200(2) 368(1) 26(1) 
N(1) 1995(1) -443(1) 2145(1) 17(1) 
C(11) 2463(2) -510(2) 2648(1) 18(1) 
C(12) 3441(2) -524(2) 2772(1) 22(1) 
C(13) 3885(2) -568(2) 3281(1) 25(1) 
C(14) 3378(2) -584(2) 3648(1) 28(1) 
C(15) 2421(2) -555(2) 3521(1) 26(1) 
C(16) 1936(2) -530(2) 3020(1) 20(1) 
C(17) 3994(2) -441(2) 2375(1) 24(1) 
C(18) 4309(2) 554(2) 2343(1) 33(1) 
C(19) 4807(2) -1109(2) 2451(1) 39(1) 
C(20) 888(2) -504(2) 2882(1) 24(1) 
C(21) 534(2) 428(2) 3015(1) 33(1) 
C(22) 465(2) -1279(2) 3132(1) 35(1) 
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N(2) 2224(1) 829(1) 1316(1) 17(1) 
C(23) 2034(2) 1711(2) 1474(1) 20(1) 
C(24) 2638(2) 2317(2) 1348(1) 30(1) 
C(25) 3239(2) 1813(2) 1113(1) 27(1) 
C(26) 2987(2) 916(2) 1095(1) 22(1) 
C(27) 1235(2) 1873(2) 1714(1) 23(1) 
C(28) 3434(2) 115(2) 909(1) 26(1) 
O(1) 134(1) -82(1) 1393(1) 18(1) 
C(29) -653(2) -442(2) 1109(1) 15(1) 
C(30) -978(2) -1305(2) 1204(1) 17(1) 
C(31) -1796(2) -1647(2) 916(1) 19(1) 
C(32) -2336(2) -1132(2) 525(1) 18(1) 
C(33) -3231(2) -1536(2) 220(1) 23(1) 
C(34) -3595(2) -1030(2) -272(1) 26(1) 
C(35) -3598(2) -2(2) -176(1) 24(1) 
C(36) -2612(2) 350(2) 27(1) 21(1) 
C(37) -2042(2) -247(2) 433(1) 17(1) 
C(38) -1197(2) 90(2) 724(1) 16(1) 
C(39) -851(2) 1031(2) 645(1) 15(1) 
C(40) -1193(2) 1780(2) 867(1) 16(1) 
C(41) -826(2) 2643(2) 810(1) 17(1) 
C(42) -133(2) 2763(2) 555(1) 19(1) 
C(43) 205(2) 2026(2) 331(1) 18(1) 
C(44) 985(2) 2187(2) 65(1) 24(1) 
C(45) 1114(2) 1399(2) -280(1) 27(1) 
C(46) 1095(2) 486(2) -18(1) 24(1) 
C(47) 150(2) 338(2) 106(1) 20(1) 
C(48) -161(2) 1149(2) 371(1) 16(1) 
O(2) -1916(1) 1673(1) 1093(1) 18(1) 
Si(1) -2071(1) 1512(1) 1670(1) 20(1) 
C(49) -1850(2) 303(2) 1878(1) 32(1) 
C(50) -1283(2) 2248(2) 2131(1) 35(1) 
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C(51) -3325(2) 1812(2) 1602(1) 30(1) 
C(52) -3929(2) 1090(3) 1267(2) 63(1) 
C(53) -3564(2) 1816(2) 2113(1) 45(1) 
C(54) -3544(2) 2756(2) 1363(1) 45(1) 
Br(1) -341(1) -1986(1) 1771(1) 22(1) 
Br(2) -1292(1) 3692(1) 1084(1) 23(1) 
C(1S) -3560(3) -4903(3) 581(2) 63(1) 
C(2S) -3029(2) -4548(2) 1083(1) 41(1) 
C(3S) -3412(2) -3649(2) 1229(1) 30(1) 
C(4S) -2889(2) -3259(2) 1726(1) 36(1) 
C(5S) -3227(2) -2315(2) 1840(1) 42(1) 
C(6S) 419(2) 5612(2) 5224(1) 39(1) 
C(7S) 777(3) 5245(3) 5762(2) 66(1) 
C(8S) 1753(3) 5416(3) 5983(1) 53(1) 
C(9S) 2100(3) 5045(3) 6513(1) 57(1) 
C(10S) 3133(3) 5204(3) 6698(2) 77(1) 
___________________________________________________________________________
_____ 
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Table 3. Bond lengths [Å] and angles [°] for 07190 
_____________________________________________________  
Mo(1A)-N(1A)  1.7317(17) 
Mo(1A)-C(1A)  1.884(2) 
Mo(1A)-O(1A)  1.9397(15) 
Mo(1A)-N(2A)  2.020(2) 
C(1A)-C(2A)  1.518(3) 
C(2A)-C(5A)  1.537(4) 
C(2A)-C(3A)  1.547(3) 
C(2A)-C(4A)  1.548(4) 
C(5A)-C(10A)  1.380(4) 
C(5A)-C(6A)  1.398(4) 
C(6A)-C(7A)  1.380(4) 
C(7A)-C(8A)  1.375(5) 
C(8A)-C(9A)  1.398(6) 
C(9A)-C(10A)  1.372(5) 
N(1A)-C(11A)  1.397(3) 
C(11A)-C(16A)  1.406(3) 
C(11A)-C(12A)  1.414(3) 
C(12A)-C(13A)  1.390(3) 
C(12A)-C(17A)  1.514(3) 
C(13A)-C(14A)  1.387(3) 
C(14A)-C(15A)  1.383(4) 
C(15A)-C(16A)  1.401(3) 
C(16A)-C(20A)  1.518(3) 
C(17A)-C(18A)  1.534(4) 
C(17A)-C(19A)  1.537(4) 
C(20A)-C(21A)  1.523(4) 
C(20A)-C(22A)  1.537(4) 
N(2A)-C(26A)  1.409(3) 
N(2A)-C(23A)  1.409(3) 
C(23A)-C(24A)  1.371(4) 
Chapter 2 
Page 145  
C(23A)-C(27A)  1.498(4) 
C(24A)-C(25A)  1.419(4) 
C(25A)-C(26A)  1.354(4) 
C(26A)-C(28A)  1.486(4) 
O(1A)-C(29A)  1.350(3) 
C(29A)-C(30A)  1.402(3) 
C(29A)-C(38A)  1.405(3) 
C(30A)-C(31A)  1.391(3) 
C(30A)-Br(1A)  1.887(2) 
C(31A)-C(32A)  1.396(3) 
C(32A)-C(37A)  1.408(3) 
C(32A)-C(33A)  1.504(3) 
C(33A)-C(34A)  1.523(4) 
C(34A)-C(35A)  1.520(4) 
C(35A)-C(36A)  1.525(3) 
C(36A)-C(37A)  1.515(3) 
C(37A)-C(38A)  1.408(3) 
C(38A)-C(39A)  1.503(3) 
C(39A)-C(48A)  1.403(3) 
C(39A)-C(40A)  1.403(3) 
C(40A)-O(2A)  1.370(3) 
C(40A)-C(41A)  1.395(3) 
C(41A)-C(42A)  1.381(4) 
C(41A)-Br(2A)  1.900(2) 
C(42A)-C(43A)  1.391(4) 
C(43A)-C(48A)  1.403(3) 
C(43A)-C(44A)  1.519(3) 
C(44A)-C(45A)  1.518(5) 
C(44A)-C(45B)  1.568(9) 
C(45A)-C(46A)  1.523(6) 
C(46A)-C(47A)  1.537(4) 
C(45B)-C(46B)  1.528(11) 
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C(46B)-C(47A)  1.485(8) 
C(47A)-C(48A)  1.519(3) 
O(2A)-Si(1A)  1.6749(17) 
Si(1A)-C(50A)  1.866(3) 
Si(1A)-C(49A)  1.868(3) 
Si(1A)-C(51A)  1.885(2) 
C(51A)-C(53A)  1.536(4) 
C(51A)-C(52A)  1.539(3) 
C(51A)-C(54A)  1.542(4) 
Mo(1)-N(1)  1.7220(18) 
Mo(1)-C(1)  1.881(2) 
Mo(1)-O(1)  1.9390(16) 
Mo(1)-N(2)  2.034(2) 
C(1)-C(2)  1.513(3) 
C(2)-C(4)  1.531(3) 
C(2)-C(5)  1.540(3) 
C(2)-C(3)  1.546(3) 
C(5)-C(6)  1.379(4) 
C(5)-C(10)  1.399(3) 
C(6)-C(7)  1.394(4) 
C(7)-C(8)  1.372(4) 
C(8)-C(9)  1.384(4) 
C(9)-C(10)  1.383(4) 
N(1)-C(11)  1.394(3) 
C(11)-C(12)  1.414(3) 
C(11)-C(16)  1.420(3) 
C(12)-C(13)  1.398(3) 
C(12)-C(17)  1.509(4) 
C(13)-C(14)  1.386(4) 
C(14)-C(15)  1.383(4) 
C(15)-C(16)  1.394(3) 
C(16)-C(20)  1.514(4) 
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C(17)-C(19)  1.528(4) 
C(17)-C(18)  1.536(4) 
C(20)-C(22)  1.528(4) 
C(20)-C(21)  1.533(4) 
N(2)-C(26)  1.406(3) 
N(2)-C(23)  1.409(3) 
C(23)-C(24)  1.360(4) 
C(23)-C(27)  1.500(4) 
C(24)-C(25)  1.421(4) 
C(25)-C(26)  1.360(4) 
C(26)-C(28)  1.491(4) 
O(1)-C(29)  1.352(3) 
C(29)-C(30)  1.396(3) 
C(29)-C(38)  1.405(3) 
C(30)-C(31)  1.381(3) 
C(30)-Br(1)  1.902(2) 
C(31)-C(32)  1.399(3) 
C(32)-C(37)  1.406(3) 
C(32)-C(33)  1.517(3) 
C(33)-C(34)  1.523(3) 
C(34)-C(35)  1.526(4) 
C(35)-C(36)  1.530(3) 
C(36)-C(37)  1.510(3) 
C(37)-C(38)  1.411(3) 
C(38)-C(39)  1.500(3) 
C(39)-C(40)  1.402(3) 
C(39)-C(48)  1.412(3) 
C(40)-O(2)  1.365(3) 
C(40)-C(41)  1.397(3) 
C(41)-C(42)  1.380(3) 
C(41)-Br(2)  1.904(2) 
C(42)-C(43)  1.387(3) 
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C(43)-C(48)  1.406(3) 
C(43)-C(44)  1.520(3) 
C(44)-C(45)  1.529(4) 
C(45)-C(46)  1.518(4) 
C(46)-C(47)  1.532(3) 
C(47)-C(48)  1.516(3) 
O(2)-Si(1)  1.6656(17) 
Si(1)-C(50)  1.853(3) 
Si(1)-C(49)  1.862(3) 
Si(1)-C(51)  1.878(3) 
C(51)-C(53)  1.520(4) 
C(51)-C(54)  1.530(4) 
C(51)-C(52)  1.542(4) 
C(1S)-C(2S)  1.511(5) 
C(2S)-C(3S)  1.520(4) 
C(3S)-C(4S)  1.514(4) 
C(4S)-C(5S)  1.524(4) 
C(6S)-C(7S)  1.542(5) 
C(7S)-C(8S)  1.458(5) 
C(8S)-C(9S)  1.523(5) 
C(9S)-C(10S)  1.517(5) 
 
N(1A)-Mo(1A)-C(1A) 102.29(10) 
N(1A)-Mo(1A)-O(1A) 115.99(8) 
C(1A)-Mo(1A)-O(1A) 109.29(9) 
N(1A)-Mo(1A)-N(2A) 107.73(9) 
C(1A)-Mo(1A)-N(2A) 104.80(9) 
O(1A)-Mo(1A)-N(2A) 115.38(8) 
C(2A)-C(1A)-Mo(1A) 145.86(18) 
C(1A)-C(2A)-C(5A) 107.3(2) 
C(1A)-C(2A)-C(3A) 110.2(2) 
C(5A)-C(2A)-C(3A) 112.7(2) 
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C(1A)-C(2A)-C(4A) 108.6(2) 
C(5A)-C(2A)-C(4A) 110.8(2) 
C(3A)-C(2A)-C(4A) 107.2(2) 
C(10A)-C(5A)-C(6A) 118.3(3) 
C(10A)-C(5A)-C(2A) 120.5(3) 
C(6A)-C(5A)-C(2A) 121.1(3) 
C(7A)-C(6A)-C(5A) 120.8(3) 
C(8A)-C(7A)-C(6A) 120.3(4) 
C(7A)-C(8A)-C(9A) 119.1(3) 
C(10A)-C(9A)-C(8A) 120.4(4) 
C(9A)-C(10A)-C(5A) 121.1(4) 
C(11A)-N(1A)-Mo(1A) 177.40(18) 
N(1A)-C(11A)-C(16A) 119.0(2) 
N(1A)-C(11A)-C(12A) 118.7(2) 
C(16A)-C(11A)-C(12A) 122.3(2) 
C(13A)-C(12A)-C(11A) 117.7(2) 
C(13A)-C(12A)-C(17A) 122.0(2) 
C(11A)-C(12A)-C(17A) 120.2(2) 
C(14A)-C(13A)-C(12A) 120.8(2) 
C(15A)-C(14A)-C(13A) 120.8(2) 
C(14A)-C(15A)-C(16A) 121.0(2) 
C(15A)-C(16A)-C(11A) 117.3(2) 
C(15A)-C(16A)-C(20A) 121.0(2) 
C(11A)-C(16A)-C(20A) 121.68(19) 
C(12A)-C(17A)-C(18A) 114.1(2) 
C(12A)-C(17A)-C(19A) 109.0(2) 
C(18A)-C(17A)-C(19A) 110.5(2) 
C(16A)-C(20A)-C(21A) 113.0(2) 
C(16A)-C(20A)-C(22A) 110.1(2) 
C(21A)-C(20A)-C(22A) 110.3(2) 
C(26A)-N(2A)-C(23A) 106.8(2) 
C(26A)-N(2A)-Mo(1A) 137.10(17) 
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C(23A)-N(2A)-Mo(1A) 115.47(16) 
C(24A)-C(23A)-N(2A) 108.7(2) 
C(24A)-C(23A)-C(27A) 129.9(2) 
N(2A)-C(23A)-C(27A) 121.4(2) 
C(23A)-C(24A)-C(25A) 107.2(2) 
C(26A)-C(25A)-C(24A) 108.8(2) 
C(25A)-C(26A)-N(2A) 108.5(2) 
C(25A)-C(26A)-C(28A) 129.4(2) 
N(2A)-C(26A)-C(28A) 122.2(2) 
C(29A)-O(1A)-Mo(1A) 141.02(15) 
O(1A)-C(29A)-C(30A) 121.5(2) 
O(1A)-C(29A)-C(38A) 119.5(2) 
C(30A)-C(29A)-C(38A) 118.8(2) 
C(31A)-C(30A)-C(29A) 120.6(2) 
C(31A)-C(30A)-Br(1A) 118.30(17) 
C(29A)-C(30A)-Br(1A) 120.85(17) 
C(30A)-C(31A)-C(32A) 120.9(2) 
C(31A)-C(32A)-C(37A) 119.3(2) 
C(31A)-C(32A)-C(33A) 118.7(2) 
C(37A)-C(32A)-C(33A) 122.0(2) 
C(32A)-C(33A)-C(34A) 112.4(2) 
C(35A)-C(34A)-C(33A) 108.7(2) 
C(34A)-C(35A)-C(36A) 111.5(2) 
C(37A)-C(36A)-C(35A) 113.4(2) 
C(32A)-C(37A)-C(38A) 119.6(2) 
C(32A)-C(37A)-C(36A) 120.8(2) 
C(38A)-C(37A)-C(36A) 119.5(2) 
C(29A)-C(38A)-C(37A) 120.7(2) 
C(29A)-C(38A)-C(39A) 118.8(2) 
C(37A)-C(38A)-C(39A) 120.5(2) 
C(48A)-C(39A)-C(40A) 120.6(2) 
C(48A)-C(39A)-C(38A) 121.6(2) 
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C(40A)-C(39A)-C(38A) 117.8(2) 
O(2A)-C(40A)-C(41A) 120.8(2) 
O(2A)-C(40A)-C(39A) 120.6(2) 
C(41A)-C(40A)-C(39A) 118.3(2) 
C(42A)-C(41A)-C(40A) 121.0(2) 
C(42A)-C(41A)-Br(2A) 118.79(18) 
C(40A)-C(41A)-Br(2A) 120.12(19) 
C(41A)-C(42A)-C(43A) 121.3(2) 
C(42A)-C(43A)-C(48A) 118.6(2) 
C(42A)-C(43A)-C(44A) 118.9(2) 
C(48A)-C(43A)-C(44A) 122.4(2) 
C(45A)-C(44A)-C(43A) 114.2(2) 
C(45A)-C(44A)-C(45B) 29.2(4) 
C(43A)-C(44A)-C(45B) 110.7(4) 
C(44A)-C(45A)-C(46A) 109.2(3) 
C(45A)-C(46A)-C(47A) 109.3(3) 
C(46B)-C(45B)-C(44A) 107.6(7) 
C(47A)-C(46B)-C(45B) 111.3(7) 
C(46B)-C(47A)-C(48A) 114.8(4) 
C(46B)-C(47A)-C(46A) 31.5(4) 
C(48A)-C(47A)-C(46A) 111.4(2) 
C(39A)-C(48A)-C(43A) 120.1(2) 
C(39A)-C(48A)-C(47A) 119.8(2) 
C(43A)-C(48A)-C(47A) 120.1(2) 
C(40A)-O(2A)-Si(1A) 130.98(15) 
O(2A)-Si(1A)-C(50A) 110.09(11) 
O(2A)-Si(1A)-C(49A) 110.85(10) 
C(50A)-Si(1A)-C(49A) 108.11(13) 
O(2A)-Si(1A)-C(51A) 104.35(10) 
C(50A)-Si(1A)-C(51A) 113.85(12) 
C(49A)-Si(1A)-C(51A) 109.58(12) 
C(53A)-C(51A)-C(52A) 108.3(2) 
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C(53A)-C(51A)-C(54A) 109.4(2) 
C(52A)-C(51A)-C(54A) 108.7(2) 
C(53A)-C(51A)-Si(1A) 111.63(18) 
C(52A)-C(51A)-Si(1A) 109.06(17) 
C(54A)-C(51A)-Si(1A) 109.66(18) 
N(1)-Mo(1)-C(1) 103.22(10) 
N(1)-Mo(1)-O(1) 114.84(8) 
C(1)-Mo(1)-O(1) 107.25(8) 
N(1)-Mo(1)-N(2) 106.42(8) 
C(1)-Mo(1)-N(2) 104.36(9) 
O(1)-Mo(1)-N(2) 119.12(7) 
C(2)-C(1)-Mo(1) 147.17(17) 
C(1)-C(2)-C(4) 110.98(19) 
C(1)-C(2)-C(5) 106.95(19) 
C(4)-C(2)-C(5) 113.1(2) 
C(1)-C(2)-C(3) 107.84(19) 
C(4)-C(2)-C(3) 108.0(2) 
C(5)-C(2)-C(3) 109.9(2) 
C(6)-C(5)-C(10) 117.3(2) 
C(6)-C(5)-C(2) 122.8(2) 
C(10)-C(5)-C(2) 119.8(2) 
C(5)-C(6)-C(7) 121.2(2) 
C(8)-C(7)-C(6) 120.7(3) 
C(7)-C(8)-C(9) 119.1(3) 
C(10)-C(9)-C(8) 120.1(3) 
C(9)-C(10)-C(5) 121.6(3) 
C(11)-N(1)-Mo(1) 171.50(17) 
N(1)-C(11)-C(12) 119.3(2) 
N(1)-C(11)-C(16) 118.6(2) 
C(12)-C(11)-C(16) 122.1(2) 
C(13)-C(12)-C(11) 117.6(2) 
C(13)-C(12)-C(17) 120.7(2) 
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C(11)-C(12)-C(17) 121.5(2) 
C(14)-C(13)-C(12) 120.8(2) 
C(15)-C(14)-C(13) 120.9(2) 
C(14)-C(15)-C(16) 121.1(3) 
C(15)-C(16)-C(11) 117.4(2) 
C(15)-C(16)-C(20) 121.0(2) 
C(11)-C(16)-C(20) 121.6(2) 
C(12)-C(17)-C(19) 113.2(2) 
C(12)-C(17)-C(18) 109.8(2) 
C(19)-C(17)-C(18) 111.8(2) 
C(16)-C(20)-C(22) 111.9(2) 
C(16)-C(20)-C(21) 110.6(2) 
C(22)-C(20)-C(21) 110.8(2) 
C(26)-N(2)-C(23) 106.71(19) 
C(26)-N(2)-Mo(1) 137.85(16) 
C(23)-N(2)-Mo(1) 114.93(16) 
C(24)-C(23)-N(2) 109.1(2) 
C(24)-C(23)-C(27) 129.9(2) 
N(2)-C(23)-C(27) 120.9(2) 
C(23)-C(24)-C(25) 107.2(2) 
C(26)-C(25)-C(24) 108.7(2) 
C(25)-C(26)-N(2) 108.3(2) 
C(25)-C(26)-C(28) 128.9(2) 
N(2)-C(26)-C(28) 122.7(2) 
C(29)-O(1)-Mo(1) 142.00(15) 
O(1)-C(29)-C(30) 122.3(2) 
O(1)-C(29)-C(38) 119.2(2) 
C(30)-C(29)-C(38) 118.4(2) 
C(31)-C(30)-C(29) 121.1(2) 
C(31)-C(30)-Br(1) 118.95(18) 
C(29)-C(30)-Br(1) 119.76(17) 
C(30)-C(31)-C(32) 121.0(2) 
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C(31)-C(32)-C(37) 119.0(2) 
C(31)-C(32)-C(33) 119.1(2) 
C(37)-C(32)-C(33) 121.8(2) 
C(32)-C(33)-C(34) 112.7(2) 
C(33)-C(34)-C(35) 109.8(2) 
C(34)-C(35)-C(36) 110.7(2) 
C(37)-C(36)-C(35) 113.6(2) 
C(32)-C(37)-C(38) 119.5(2) 
C(32)-C(37)-C(36) 121.3(2) 
C(38)-C(37)-C(36) 119.3(2) 
C(29)-C(38)-C(37) 120.9(2) 
C(29)-C(38)-C(39) 117.2(2) 
C(37)-C(38)-C(39) 121.9(2) 
C(40)-C(39)-C(48) 120.9(2) 
C(40)-C(39)-C(38) 118.9(2) 
C(48)-C(39)-C(38) 120.2(2) 
O(2)-C(40)-C(41) 121.5(2) 
O(2)-C(40)-C(39) 120.4(2) 
C(41)-C(40)-C(39) 117.8(2) 
C(42)-C(41)-C(40) 121.8(2) 
C(42)-C(41)-Br(2) 118.54(17) 
C(40)-C(41)-Br(2) 119.70(18) 
C(41)-C(42)-C(43) 120.8(2) 
C(42)-C(43)-C(48) 119.2(2) 
C(42)-C(43)-C(44) 118.9(2) 
C(48)-C(43)-C(44) 121.9(2) 
C(43)-C(44)-C(45) 113.4(2) 
C(46)-C(45)-C(44) 110.5(2) 
C(45)-C(46)-C(47) 110.2(2) 
C(48)-C(47)-C(46) 112.9(2) 
C(43)-C(48)-C(39) 119.6(2) 
C(43)-C(48)-C(47) 120.6(2) 
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C(39)-C(48)-C(47) 119.7(2) 
C(40)-O(2)-Si(1) 137.77(15) 
O(2)-Si(1)-C(50) 111.17(11) 
O(2)-Si(1)-C(49) 111.71(11) 
C(50)-Si(1)-C(49) 107.68(14) 
O(2)-Si(1)-C(51) 102.82(11) 
C(50)-Si(1)-C(51) 112.87(14) 
C(49)-Si(1)-C(51) 110.63(13) 
C(53)-C(51)-C(54) 108.6(2) 
C(53)-C(51)-C(52) 108.9(3) 
C(54)-C(51)-C(52) 109.0(3) 
C(53)-C(51)-Si(1) 110.2(2) 
C(54)-C(51)-Si(1) 111.1(2) 
C(52)-C(51)-Si(1) 109.1(2) 
C(1S)-C(2S)-C(3S) 112.8(3) 
C(4S)-C(3S)-C(2S) 114.5(2) 
C(3S)-C(4S)-C(5S) 113.6(2) 
C(8S)-C(7S)-C(6S) 115.3(3) 
C(7S)-C(8S)-C(9S) 114.8(3) 
C(10S)-C(9S)-C(8S) 111.0(3) 
_____________________________________________________________  
Symmetry transformations used to generate equivalent atoms:  
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Table 4. Anisotropic displacement parameters  (Å2x103) for 07190.  The anisotropic 
displacement factor exponent takes the form: –2p2[h2 a*2U11 + ... + 2 h k a* b* U12 ] 
___________________________________________________________________________
___  
U11 U22  U33 U23 U13 U12 
___________________________________________________________________________
___  
Mo(1A)15(1)  11(1) 14(1)  1(1) 1(1)  -1(1) 
C(1A) 22(1)  16(1) 19(1)  1(1) 3(1)  -1(1) 
C(2A) 28(1)  15(1) 24(1)  1(1) 1(1)  3(1) 
C(3A) 31(1)  19(1) 27(1)  7(1) 0(1)  8(1) 
C(4A) 42(2)  14(1) 42(2)  -3(1) 2(1)  2(1) 
C(5A) 34(2)  20(1) 32(1)  3(1) 5(1)  15(1) 
C(6A) 35(2)  26(2) 45(2)  11(1) 9(1)  9(1) 
C(7A) 35(2)  47(2) 71(2)  23(2) 21(2)  16(2) 
C(8A) 55(3)  66(3) 80(3)  25(2) 40(2)  31(2) 
C(9A) 77(3)  65(3) 53(2)  11(2) 34(2)  38(2) 
C(10A)53(2)  42(2) 38(2)  5(1) 13(2)  23(2) 
N(1A) 18(1)  15(1) 15(1)  1(1) 2(1)  -2(1) 
C(11A)22(1)  11(1) 15(1)  0(1) 0(1)  -1(1) 
C(12A)24(1)  12(1) 20(1)  0(1) 1(1)  1(1) 
C(13A)24(1)  18(1) 22(1)  -1(1) -4(1)  -1(1) 
C(14A)33(1)  18(1) 15(1)  0(1) -2(1)  -1(1) 
C(15A)35(1)  16(1) 18(1)  -1(1) 7(1)  -6(1) 
C(16A)22(1)  12(1) 20(1)  0(1) 4(1)  -2(1) 
C(17A)20(1)  27(1) 22(1)  -2(1) 3(1)  -2(1) 
C(18A)23(1)  53(2) 35(2)  0(1) 6(1)  3(1) 
C(19A)29(1)  32(2) 29(1)  1(1) 6(1)  -8(1) 
C(20A)23(1)  26(1) 18(1)  -2(1) 7(1)  -6(1) 
C(21A)38(2)  50(2) 36(2)  6(1) 14(1)  -17(2) 
C(22A)26(2)  27(2) 47(2)  -7(1) 4(1)  2(1) 
N(2A) 20(1)  14(1) 20(1)  1(1) 3(1)  -1(1) 
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C(23A)28(1)  13(1) 25(1)  0(1) 6(1)  -1(1) 
C(24A)36(2)  18(1) 33(1)  5(1) 8(1)  -7(1) 
C(25A)21(1)  28(1) 28(1)  9(1) 5(1)  -5(1) 
C(26A)20(1)  26(1) 17(1)  4(1) 4(1)  0(1) 
C(27A)43(2)  14(1) 44(2)  -1(1) 21(1)  0(1) 
C(28A)30(1)  30(1) 33(1)  7(1) 17(1)  4(1) 
O(1A) 17(1)  15(1) 21(1)  1(1) -1(1)  -2(1) 
C(29A)14(1)  14(1) 18(1)  0(1) 5(1)  0(1) 
C(30A)18(1)  14(1) 16(1)  0(1) 3(1)  0(1) 
C(31A)21(1)  13(1) 22(1)  -1(1) 6(1)  -3(1) 
C(32A)18(1)  15(1) 19(1)  -5(1) 4(1)  -2(1) 
C(33A)23(1)  19(1) 26(1)  -1(1) 2(1)  -7(1) 
C(34A)20(1)  25(1) 27(1)  -4(1) -1(1)  -5(1) 
C(35A)25(1)  26(1) 19(1)  -3(1) 1(1)  0(1) 
C(36A)21(1)  19(1) 17(1)  1(1) 1(1)  -1(1) 
C(37A)17(1)  17(1) 15(1)  -1(1) 4(1)  2(1) 
C(38A)17(1)  13(1) 17(1)  0(1) 4(1)  0(1) 
C(39A)16(1)  13(1) 15(1)  3(1) 0(1)  -1(1) 
C(40A)20(1)  16(1) 15(1)  0(1) 4(1)  -1(1) 
C(41A)30(1)  13(1) 26(1)  1(1) 7(1)  4(1) 
C(42A)32(1)  16(1) 26(1)  3(1) 8(1)  -2(1) 
C(43A)27(1)  19(1) 19(1)  3(1) 5(1)  -3(1) 
C(44A)29(1)  24(1) 29(1)  5(1) 13(1)  -3(1) 
C(45A)23(2)  28(2) 26(2)  6(2) 8(2)  -2(2) 
C(46A)20(2)  30(2) 21(2)  0(2) 9(2)  3(2) 
C(45B)29(5)  26(4) 27(5)  10(3) 12(4)  3(4) 
C(46B)27(5)  30(4) 25(5)  5(4) 12(4)  14(4) 
C(47A)21(1)  18(1) 23(1)  1(1) 8(1)  1(1) 
C(48A)18(1)  16(1) 16(1)  0(1) 2(1)  2(1) 
O(2A) 21(1)  15(1) 19(1)  0(1) 5(1)  0(1) 
Si(1A) 17(1)  17(1) 18(1)  -2(1) 4(1)  1(1) 
C(49A)30(1)  27(1) 23(1)  3(1) 8(1)  10(1) 
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C(50A)30(2)  29(1) 27(1)  -8(1) 5(1)  -7(1) 
C(51A)16(1)  23(1) 23(1)  -3(1) 4(1)  -1(1) 
C(52A)21(1)  43(2) 30(1)  -3(1) 12(1)  2(1) 
C(53A)24(1)  38(2) 37(2)  6(1) 7(1)  9(1) 
C(54A)26(1)  34(2) 40(2)  -7(1) 5(1)  -5(1) 
Br(1A)27(1)  20(1) 22(1)  8(1) -1(1)  -3(1) 
Br(2A)46(1)  15(1) 44(1)  6(1) 22(1)  9(1) 
Mo(1) 15(1)  11(1) 15(1)  1(1) 0(1)  -1(1) 
C(1) 15(1)  18(1) 16(1)  0(1) 0(1)  -3(1) 
C(2) 20(1)  14(1) 19(1)  1(1) 0(1)  -2(1) 
C(3) 28(1)  17(1) 29(1)  -3(1) 4(1)  -3(1) 
C(4) 28(1)  17(1) 22(1)  2(1) 2(1)  3(1) 
C(5) 25(1)  10(1) 25(1)  -2(1) 2(1)  0(1) 
C(6) 29(1)  24(1) 24(1)  1(1) -1(1)  5(1) 
C(7) 21(1)  33(2) 42(2)  2(1) 6(1)  4(1) 
C(8) 33(2)  29(2) 41(2)  0(1) 15(1)  0(1) 
C(9) 37(2)  29(2) 25(1)  -3(1) 9(1)  -4(1) 
C(10) 28(1)  24(1) 25(1)  -4(1) 2(1)  -3(1) 
N(1) 20(1)  15(1) 16(1)  1(1) 2(1)  1(1) 
C(11) 22(1)  12(1) 16(1)  2(1) -1(1)  -1(1) 
C(12) 24(1)  12(1) 25(1)  -1(1) -2(1)  1(1) 
C(13) 26(1)  17(1) 26(1)  1(1) -8(1)  0(1) 
C(14) 40(2)  18(1) 19(1)  4(1) -8(1)  -4(1) 
C(15) 40(2)  21(1) 15(1)  2(1) 1(1)  -8(1) 
C(16) 26(1)  13(1) 19(1)  0(1) 0(1)  -3(1) 
C(17) 20(1)  23(1) 28(1)  -3(1) 1(1)  0(1) 
C(18) 31(2)  32(2) 37(2)  -1(1) 6(1)  -10(1) 
C(19) 28(2)  41(2) 43(2)  -8(1) 0(1)  9(1) 
C(20) 28(1)  26(1) 18(1)  1(1) 6(1)  -6(1) 
C(21) 32(2)  28(2) 39(2)  -3(1) 6(1)  0(1) 
C(22) 39(2)  33(2) 32(2)  5(1) 6(1)  -13(1) 
N(2) 18(1)  13(1) 18(1)  0(1) 0(1)  -1(1) 
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C(23) 20(1)  15(1) 20(1)  0(1) -3(1)  -1(1) 
C(24) 27(1)  14(1) 43(2)  2(1) -3(1)  -4(1) 
C(25) 18(1)  23(1) 40(2)  5(1) 4(1)  -4(1) 
C(26) 18(1)  19(1) 26(1)  6(1) 0(1)  -1(1) 
C(27) 27(1)  18(1) 22(1)  -4(1) 0(1)  0(1) 
C(28) 22(1)  23(1) 31(1)  4(1) 6(1)  0(1) 
O(1) 16(1)  16(1) 20(1)  0(1) -2(1)  0(1) 
C(29) 14(1)  15(1) 17(1)  -2(1) 3(1)  -1(1) 
C(30) 16(1)  16(1) 18(1)  1(1) 4(1)  2(1) 
C(31) 22(1)  16(1) 18(1)  -1(1) 5(1)  -2(1) 
C(32) 19(1)  18(1) 17(1)  -2(1) 5(1)  -3(1) 
C(33) 22(1)  23(1) 22(1)  2(1) -1(1)  -8(1) 
C(34) 26(1)  26(1) 21(1)  -1(1) -2(1)  -9(1) 
C(35) 20(1)  26(1) 22(1)  1(1) -3(1)  0(1) 
C(36) 21(1)  19(1) 19(1)  3(1) 1(1)  -2(1) 
C(37) 16(1)  18(1) 16(1)  0(1) 2(1)  2(1) 
C(38) 18(1)  12(1) 18(1)  -1(1) 4(1)  0(1) 
C(39) 15(1)  13(1) 15(1)  0(1) -2(1)  0(1) 
C(40) 15(1)  16(1) 15(1)  1(1) 1(1)  -1(1) 
C(41) 20(1)  13(1) 16(1)  -1(1) -2(1)  3(1) 
C(42) 20(1)  16(1) 20(1)  3(1) 2(1)  -4(1) 
C(43) 15(1)  23(1) 16(1)  4(1) 2(1)  -1(1) 
C(44) 21(1)  26(1) 27(1)  3(1) 10(1)  -5(1) 
C(45) 26(1)  28(1) 28(1)  4(1) 12(1)  2(1) 
C(46) 22(1)  26(1) 23(1)  0(1) 6(1)  4(1) 
C(47) 21(1)  20(1) 18(1)  0(1) 5(1)  3(1) 
C(48) 15(1)  17(1) 14(1)  2(1) -1(1)  2(1) 
O(2) 18(1)  17(1) 20(1)  -2(1) 5(1)  0(1) 
Si(1) 24(1)  17(1) 22(1)  -2(1) 9(1)  -2(1) 
C(49) 44(2)  21(1) 36(2)  6(1) 19(1)  3(1) 
C(50) 46(2)  34(2) 23(1)  -2(1) 2(1)  -9(1) 
C(51) 28(1)  30(2) 34(2)  -6(1) 17(1)  0(1) 
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C(52) 23(2)  71(3) 93(3)  -45(2) 12(2)  -9(2) 
C(53) 48(2)  45(2) 52(2)  5(2) 35(2)  3(2) 
C(54) 41(2)  46(2) 56(2)  16(2) 30(2)  25(2) 
Br(1) 23(1)  18(1) 23(1)  6(1) -1(1)  -1(1) 
Br(2) 30(1)  13(1) 27(1)  -2(1) 7(1)  2(1) 
C(1S) 61(3)  42(2) 76(3)  -20(2) -3(2)  7(2) 
C(2S) 36(2)  31(2) 53(2)  -1(1) 2(1)  5(1) 
C(3S) 29(1)  27(1) 33(1)  6(1) 7(1)  1(1) 
C(4S) 38(2)  37(2) 32(2)  10(1) 7(1)  -3(1) 
C(5S) 52(2)  44(2) 29(2)  1(1) 9(1)  5(2) 
C(6S) 35(2)  41(2) 38(2)  -9(1) 5(1)  -11(1) 
C(7S) 52(2)  63(3) 76(3)  13(2) 1(2)  -14(2) 
C(8S) 57(2)  32(2) 62(2)  -1(2) -4(2)  -5(2) 
C(9S) 60(2)  51(2) 52(2)  7(2) -3(2)  13(2) 
C(10S)72(3)  56(3) 89(3)  -15(2) -8(2)  9(2) 
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Table 5.   Hydrogen coordinates (x104) and isotropic displacement parameters (Å2x 
103) for 07190 
___________________________________________________________________________
_____  
x  y  z  U(eq) 
___________________________________________________________________________
_____  
 
H(1A) 6426(17) -1469(19) 5984(6) 23 
H(3AA) 7797 -1919 7275 40 
H(3AB) 7637 -3003 7237 40 
H(3AC) 6779 -2330 7221 40 
H(4AA) 6407 -3120 5958 51 
H(4AB) 5950 -3062 6432 51 
H(4AC) 6814 -3725 6446 51 
H(6AA) 8991 -2051 7017 42 
H(7AA) 10337 -2073 6721 59 
H(8AA) 10278 -2442 5887 76 
H(9AA) 8843 -2797 5349 74 
H(10A) 7504 -2780 5645 52 
H(13A) 9303 -189 8462 28 
H(14A) 8388 -224 9047 28 
H(15A) 6786 -138 8791 27 
H(17A) 8516 -398 7148 28 
H(18A) 9822 -1018 7719 56 
H(18B) 10144 -9 7911 56 
H(18C) 10137 -305 7347 56 
H(19A) 8153 1180 7183 45 
H(19B) 9115 1049 7020 45 
H(19C) 9111 1348 7582 45 
H(20A) 5481 -338 7507 26 
H(21A) 5403 -1424 8137 60 
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H(21B) 4507 -780 8025 60 
H(21C) 5314 -613 8516 60 
H(22A) 5622 1245 7712 51 
H(22B) 5447 1026 8256 51 
H(22C) 4640 858 7765 51 
H(24A) 7478 2725 6069 35 
H(25A) 8531 1648 5732 31 
H(27A) 6087 2495 6540 48 
H(27B) 6246 1577 6867 48 
H(27C) 5520 1588 6335 48 
H(28A) 8692 -141 5652 44 
H(28B) 7693 -607 5576 44 
H(28C) 8405 -650 6112 44 
H(31A) 3085 -2550 6148 22 
H(33A) 1571 -2467 5580 28 
H(33B) 2023 -2618 5108 28 
H(34A) 593 -1920 4805 30 
H(34B) 821 -1136 5226 30 
H(35A) 1051 -602 4434 29 
H(35B) 1831 -1370 4456 29 
H(36A) 2643 -69 4736 24 
H(36B) 1946 212 5078 24 
H(42A) 4337 3026 5122 29 
H(44A) 5221 2166 4494 32 
H(44B) 5927 2414 5011 32 
H(44C) 6099 2110 5071 32 
H(44D) 5318 2443 4597 32 
H(45A) 6590 1000 5079 30 
H(45B) 6446 1239 4494 30 
H(46A) 5878 -247 4547 28 
H(46B) 5003 400 4333 28 
H(45C) 5175 934 4249 32 
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H(45D) 6258 1188 4377 32 
H(46C) 6119 -271 4715 32 
H(46D) 6437 424 5174 32 
H(47A) 4657 -505 4981 24 
H(47B) 5597 -193 5361 24 
H(47C) 5289 -413 5365 24 
H(47D) 4655 -323 4810 24 
H(49A) 3734 155 6823 39 
H(49B) 2732 -302 6647 39 
H(49C) 2994 261 7162 39 
H(50A) 4004 2158 6771 43 
H(50B) 3302 2329 7127 43 
H(50C) 3145 2838 6596 43 
H(52A) 585 1713 6985 46 
H(52B) 1572 2212 7110 46 
H(52C) 1503 1140 7216 46 
H(53A) 262 2266 6112 50 
H(53B) 981 2087 5767 50 
H(53C) 1236 2789 6226 50 
H(54A) 186 599 6273 50 
H(54B) 1106 33 6509 50 
H(54C) 918 383 5940 50 
H(1) 1437(17) -1061(18) 848(7) 20 
H(3A) 1028 -2663 628 38 
H(3B) 798 -2779 1168 38 
H(3C) 1498 -3472 993 38 
H(4A) 2998 -2095 1910 34 
H(4B) 2690 -3128 1765 34 
H(4C) 1988 -2437 1940 34 
H(6A) 3982 -2298 1457 32 
H(7A) 5060 -2262 958 38 
H(8A) 4576 -2219 89 40 
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H(9A) 2991 -2168 -284 36 
H(10B) 1916 -2179 213 31 
H(13B) 4542 -588 3376 30 
H(14B) 3693 -614 3991 34 
H(15B) 2089 -551 3779 32 
H(17B) 3568 -593 2046 29 
H(18D) 4667 604 2085 50 
H(18E) 4695 740 2668 50 
H(18F) 3765 954 2256 50 
H(19D) 4581 -1735 2471 59 
H(19E) 5257 -958 2763 59 
H(19F) 5106 -1061 2168 59 
H(20B) 683 -586 2511 29 
H(21D) 815 914 2853 50 
H(21E) 701 513 3379 50 
H(21F) -141 451 2896 50 
H(22D) 700 -1868 3042 52 
H(22E) -210 -1265 3016 52 
H(22F) 636 -1201 3497 52 
H(24B) 2655 2959 1406 36 
H(25B) 3735 2060 989 33 
H(27D) 1211 2522 1799 35 
H(27E) 1317 1504 2020 35 
H(27F) 657 1697 1480 35 
H(28D) 3950 326 769 38 
H(28E) 2979 -202 648 38 
H(28F) 3668 -306 1188 38 
H(31B) -1996 -2242 984 22 
H(33C) -3706 -1515 422 28 
H(33D) -3127 -2186 147 28 
H(34C) -4232 -1239 -426 31 
H(34D) -3198 -1167 -508 31 
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H(35C) -3978 131 70 28 
H(35D) -3880 320 -493 28 
H(36C) -2296 392 -254 25 
H(36D) -2643 975 162 25 
H(42B) 117 3356 532 22 
H(44E) 1569 2278 320 29 
H(44F) 856 2755 -136 29 
H(45E) 613 1415 -590 32 
H(45F) 1713 1470 -377 32 
H(46E) 1586 475 296 28 
H(46F) 1219 -15 -237 28 
H(47E) -317 220 -210 24 
H(47F) 181 -211 321 24 
H(49D) -1192 161 1915 48 
H(49E) -2223 -106 1627 48 
H(49F) -2019 216 2201 48 
H(50D) -640 2060 2154 53 
H(50E) -1430 2186 2461 53 
H(50F) -1362 2888 2022 53 
H(52D) -4584 1245 1228 94 
H(52E) -3808 485 1424 94 
H(52F) -3777 1080 937 94 
H(53D) -4220 1972 2073 67 
H(53E) -3182 2271 2329 67 
H(53F) -3446 1209 2266 67 
H(54D) -4202 2892 1328 67 
H(54E) -3400 2761 1031 67 
H(54F) -3170 3220 1576 67 
H(1SA) -3286 -5481 505 94 
H(1SB) -3531 -4453 320 94 
H(1SC) -4208 -5005 593 94 
H(2SA) -2373 -4459 1071 50 
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H(2SB) -3049 -5011 1345 50 
H(3SA) -3405 -3193 962 36 
H(3SB) -4066 -3744 1245 36 
H(4SA) -2224 -3218 1724 43 
H(4SB) -2949 -3684 1998 43 
H(5SA) -2864 -2104 2166 63 
H(5SB) -3883 -2351 1850 63 
H(5SC) -3153 -1884 1578 63 
H(6SA) -241 5468 5109 58 
H(6SB) 764 5323 5000 58 
H(6SC) 506 6276 5222 58 
H(7SA) 406 5524 5981 79 
H(7SB) 669 4576 5760 79 
H(8SA) 1862 6085 5988 64 
H(8SB) 2125 5139 5763 64 
H(9SA) 1767 5352 6741 68 
H(9SB) 1969 4381 6516 68 
H(10C) 3336 4974 7042 115 
H(10D) 3264 5860 6691 115 
H(10E) 3465 4879 6479 115 
___________________________________________________________________________
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Table 6. Torsion angles [°] for 07190 
________________________________________________________________  
N(1A)-Mo(1A)-C(1A)-C(2A) 8.8(3) 
O(1A)-Mo(1A)-C(1A)-C(2A) -114.6(3) 
N(2A)-Mo(1A)-C(1A)-C(2A) 121.2(3) 
Mo(1A)-C(1A)-C(2A)-C(5A) -115.7(3) 
Mo(1A)-C(1A)-C(2A)-C(3A) 7.4(4) 
Mo(1A)-C(1A)-C(2A)-C(4A) 124.5(3) 
C(1A)-C(2A)-C(5A)-C(10A) -76.6(3) 
C(3A)-C(2A)-C(5A)-C(10A) 161.9(3) 
C(4A)-C(2A)-C(5A)-C(10A) 41.8(3) 
C(1A)-C(2A)-C(5A)-C(6A) 99.3(3) 
C(3A)-C(2A)-C(5A)-C(6A) -22.2(3) 
C(4A)-C(2A)-C(5A)-C(6A) -142.3(3) 
C(10A)-C(5A)-C(6A)-C(7A) -0.3(4) 
C(2A)-C(5A)-C(6A)-C(7A) -176.3(3) 
C(5A)-C(6A)-C(7A)-C(8A) 0.3(5) 
C(6A)-C(7A)-C(8A)-C(9A) -0.1(6) 
C(7A)-C(8A)-C(9A)-C(10A) 0.0(6) 
C(8A)-C(9A)-C(10A)-C(5A) 0.0(6) 
C(6A)-C(5A)-C(10A)-C(9A) 0.1(5) 
C(2A)-C(5A)-C(10A)-C(9A) 176.2(3) 
C(1A)-Mo(1A)-N(1A)-C(11A) 118(4) 
O(1A)-Mo(1A)-N(1A)-C(11A) -123(4) 
N(2A)-Mo(1A)-N(1A)-C(11A) 8(4) 
Mo(1A)-N(1A)-C(11A)-C(16A) 129(4) 
Mo(1A)-N(1A)-C(11A)-C(12A) -52(4) 
N(1A)-C(11A)-C(12A)-C(13A) -174.0(2) 
C(16A)-C(11A)-C(12A)-C(13A) 5.3(4) 
N(1A)-C(11A)-C(12A)-C(17A) 9.3(3) 
C(16A)-C(11A)-C(12A)-C(17A) -171.4(2) 
C(11A)-C(12A)-C(13A)-C(14A) -3.4(4) 
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C(17A)-C(12A)-C(13A)-C(14A) 173.3(2) 
C(12A)-C(13A)-C(14A)-C(15A) -1.1(4) 
C(13A)-C(14A)-C(15A)-C(16A) 4.0(4) 
C(14A)-C(15A)-C(16A)-C(11A) -2.1(4) 
C(14A)-C(15A)-C(16A)-C(20A) -180.0(2) 
N(1A)-C(11A)-C(16A)-C(15A) 176.7(2) 
C(12A)-C(11A)-C(16A)-C(15A) -2.6(4) 
N(1A)-C(11A)-C(16A)-C(20A) -5.5(3) 
C(12A)-C(11A)-C(16A)-C(20A) 175.3(2) 
C(13A)-C(12A)-C(17A)-C(18A) 26.2(4) 
C(11A)-C(12A)-C(17A)-C(18A) -157.2(2) 
C(13A)-C(12A)-C(17A)-C(19A) -97.9(3) 
C(11A)-C(12A)-C(17A)-C(19A) 78.7(3) 
C(15A)-C(16A)-C(20A)-C(21A) -45.7(3) 
C(11A)-C(16A)-C(20A)-C(21A) 136.6(3) 
C(15A)-C(16A)-C(20A)-C(22A) 78.1(3) 
C(11A)-C(16A)-C(20A)-C(22A) -99.6(3) 
N(1A)-Mo(1A)-N(2A)-C(26A) 96.0(2) 
C(1A)-Mo(1A)-N(2A)-C(26A) -12.4(3) 
O(1A)-Mo(1A)-N(2A)-C(26A) -132.6(2) 
N(1A)-Mo(1A)-N(2A)-C(23A) -73.23(18) 
C(1A)-Mo(1A)-N(2A)-C(23A) 178.38(17) 
O(1A)-Mo(1A)-N(2A)-C(23A) 58.14(19) 
C(26A)-N(2A)-C(23A)-C(24A) 0.5(3) 
Mo(1A)-N(2A)-C(23A)-C(24A) 172.87(17) 
C(26A)-N(2A)-C(23A)-C(27A) -179.9(2) 
Mo(1A)-N(2A)-C(23A)-C(27A) -7.5(3) 
N(2A)-C(23A)-C(24A)-C(25A) -0.9(3) 
C(27A)-C(23A)-C(24A)-C(25A) 179.5(3) 
C(23A)-C(24A)-C(25A)-C(26A) 1.1(3) 
C(24A)-C(25A)-C(26A)-N(2A) -0.8(3) 
C(24A)-C(25A)-C(26A)-C(28A) 178.2(3) 
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C(23A)-N(2A)-C(26A)-C(25A) 0.2(3) 
Mo(1A)-N(2A)-C(26A)-C(25A) -169.68(19) 
C(23A)-N(2A)-C(26A)-C(28A) -178.9(2) 
Mo(1A)-N(2A)-C(26A)-C(28A) 11.2(4) 
N(1A)-Mo(1A)-O(1A)-C(29A) -120.5(2) 
C(1A)-Mo(1A)-O(1A)-C(29A) -5.6(2) 
N(2A)-Mo(1A)-O(1A)-C(29A) 112.2(2) 
Mo(1A)-O(1A)-C(29A)-C(30A) 65.8(3) 
Mo(1A)-O(1A)-C(29A)-C(38A) -119.9(2) 
O(1A)-C(29A)-C(30A)-C(31A) 177.5(2) 
C(38A)-C(29A)-C(30A)-C(31A) 3.2(3) 
O(1A)-C(29A)-C(30A)-Br(1A) 3.1(3) 
C(38A)-C(29A)-C(30A)-Br(1A) -171.18(16) 
C(29A)-C(30A)-C(31A)-C(32A) -0.4(4) 
Br(1A)-C(30A)-C(31A)-C(32A) 174.07(17) 
C(30A)-C(31A)-C(32A)-C(37A) -1.7(3) 
C(30A)-C(31A)-C(32A)-C(33A) 179.1(2) 
C(31A)-C(32A)-C(33A)-C(34A) 156.3(2) 
C(37A)-C(32A)-C(33A)-C(34A) -22.8(3) 
C(32A)-C(33A)-C(34A)-C(35A) 51.7(3) 
C(33A)-C(34A)-C(35A)-C(36A) -63.8(3) 
C(34A)-C(35A)-C(36A)-C(37A) 44.3(3) 
C(31A)-C(32A)-C(37A)-C(38A) 1.1(3) 
C(33A)-C(32A)-C(37A)-C(38A) -179.8(2) 
C(31A)-C(32A)-C(37A)-C(36A) -175.8(2) 
C(33A)-C(32A)-C(37A)-C(36A) 3.3(3) 
C(35A)-C(36A)-C(37A)-C(32A) -13.9(3) 
C(35A)-C(36A)-C(37A)-C(38A) 169.3(2) 
O(1A)-C(29A)-C(38A)-C(37A) -178.2(2) 
C(30A)-C(29A)-C(38A)-C(37A) -3.8(3) 
O(1A)-C(29A)-C(38A)-C(39A) -1.4(3) 
C(30A)-C(29A)-C(38A)-C(39A) 173.0(2) 
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C(32A)-C(37A)-C(38A)-C(29A) 1.7(3) 
C(36A)-C(37A)-C(38A)-C(29A) 178.6(2) 
C(32A)-C(37A)-C(38A)-C(39A) -175.0(2) 
C(36A)-C(37A)-C(38A)-C(39A) 1.8(3) 
C(29A)-C(38A)-C(39A)-C(48A) 79.0(3) 
C(37A)-C(38A)-C(39A)-C(48A) -104.1(3) 
C(29A)-C(38A)-C(39A)-C(40A) -101.9(2) 
C(37A)-C(38A)-C(39A)-C(40A) 74.9(3) 
C(48A)-C(39A)-C(40A)-O(2A) 176.0(2) 
C(38A)-C(39A)-C(40A)-O(2A) -3.1(3) 
C(48A)-C(39A)-C(40A)-C(41A) 1.6(3) 
C(38A)-C(39A)-C(40A)-C(41A) -177.4(2) 
O(2A)-C(40A)-C(41A)-C(42A) -177.7(2) 
C(39A)-C(40A)-C(41A)-C(42A) -3.4(4) 
O(2A)-C(40A)-C(41A)-Br(2A) -1.5(3) 
C(39A)-C(40A)-C(41A)-Br(2A) 172.85(17) 
C(40A)-C(41A)-C(42A)-C(43A) 1.4(4) 
Br(2A)-C(41A)-C(42A)-C(43A) -174.89(19) 
C(41A)-C(42A)-C(43A)-C(48A) 2.4(4) 
C(41A)-C(42A)-C(43A)-C(44A) 179.2(2) 
C(42A)-C(43A)-C(44A)-C(45A) 175.9(3) 
C(48A)-C(43A)-C(44A)-C(45A) -7.5(4) 
C(42A)-C(43A)-C(44A)-C(45B) -152.7(5) 
C(48A)-C(43A)-C(44A)-C(45B) 23.9(5) 
C(43A)-C(44A)-C(45A)-C(46A) 41.8(5) 
C(45B)-C(44A)-C(45A)-C(46A) -47.6(7) 
C(44A)-C(45A)-C(46A)-C(47A) -66.1(5) 
C(45A)-C(44A)-C(45B)-C(46B) 50.2(7) 
C(43A)-C(44A)-C(45B)-C(46B) -52.7(9) 
C(44A)-C(45B)-C(46B)-C(47A) 65.4(11) 
C(45B)-C(46B)-C(47A)-C(48A) -45.8(10) 
C(45B)-C(46B)-C(47A)-C(46A) 45.1(7) 
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C(45A)-C(46A)-C(47A)-C(46B) -48.3(7) 
C(45A)-C(46A)-C(47A)-C(48A) 54.5(4) 
C(40A)-C(39A)-C(48A)-C(43A) 2.2(3) 
C(38A)-C(39A)-C(48A)-C(43A) -178.8(2) 
C(40A)-C(39A)-C(48A)-C(47A) -174.7(2) 
C(38A)-C(39A)-C(48A)-C(47A) 4.3(3) 
C(42A)-C(43A)-C(48A)-C(39A) -4.2(4) 
C(44A)-C(43A)-C(48A)-C(39A) 179.2(2) 
C(42A)-C(43A)-C(48A)-C(47A) 172.7(2) 
C(44A)-C(43A)-C(48A)-C(47A) -3.9(4) 
C(46B)-C(47A)-C(48A)-C(39A) -168.7(5) 
C(46A)-C(47A)-C(48A)-C(39A) 157.1(3) 
C(46B)-C(47A)-C(48A)-C(43A) 14.4(6) 
C(46A)-C(47A)-C(48A)-C(43A) -19.8(4) 
C(41A)-C(40A)-O(2A)-Si(1A) -87.1(3) 
C(39A)-C(40A)-O(2A)-Si(1A) 98.7(2) 
C(40A)-O(2A)-Si(1A)-C(50A) 35.8(2) 
C(40A)-O(2A)-Si(1A)-C(49A) -83.8(2) 
C(40A)-O(2A)-Si(1A)-C(51A) 158.3(2) 
O(2A)-Si(1A)-C(51A)-C(53A) -52.3(2) 
C(50A)-Si(1A)-C(51A)-C(53A) 67.8(2) 
C(49A)-Si(1A)-C(51A)-C(53A) -171.02(19) 
O(2A)-Si(1A)-C(51A)-C(52A) -171.93(18) 
C(50A)-Si(1A)-C(51A)-C(52A) -51.9(2) 
C(49A)-Si(1A)-C(51A)-C(52A) 69.3(2) 
O(2A)-Si(1A)-C(51A)-C(54A) 69.11(19) 
C(50A)-Si(1A)-C(51A)-C(54A) -170.84(18) 
C(49A)-Si(1A)-C(51A)-C(54A) -49.6(2) 
N(1)-Mo(1)-C(1)-C(2) 11.8(3) 
O(1)-Mo(1)-C(1)-C(2) -109.9(3) 
N(2)-Mo(1)-C(1)-C(2) 122.9(3) 
Mo(1)-C(1)-C(2)-C(4) -5.8(4) 
Chapter 2 
Page 172  
Mo(1)-C(1)-C(2)-C(5) -129.6(3) 
Mo(1)-C(1)-C(2)-C(3) 112.2(3) 
C(1)-C(2)-C(5)-C(6) 104.8(3) 
C(4)-C(2)-C(5)-C(6) -17.7(3) 
C(3)-C(2)-C(5)-C(6) -138.4(2) 
C(1)-C(2)-C(5)-C(10) -72.3(3) 
C(4)-C(2)-C(5)-C(10) 165.3(2) 
C(3)-C(2)-C(5)-C(10) 44.5(3) 
C(10)-C(5)-C(6)-C(7) 0.6(4) 
C(2)-C(5)-C(6)-C(7) -176.5(2) 
C(5)-C(6)-C(7)-C(8) -1.0(4) 
C(6)-C(7)-C(8)-C(9) 0.9(4) 
C(7)-C(8)-C(9)-C(10) -0.3(4) 
C(8)-C(9)-C(10)-C(5) -0.1(4) 
C(6)-C(5)-C(10)-C(9) 0.0(4) 
C(2)-C(5)-C(10)-C(9) 177.2(2) 
C(1)-Mo(1)-N(1)-C(11) 137.5(12) 
O(1)-Mo(1)-N(1)-C(11) -106.1(12) 
N(2)-Mo(1)-N(1)-C(11) 27.9(12) 
Mo(1)-N(1)-C(11)-C(12) -73.1(12) 
Mo(1)-N(1)-C(11)-C(16) 104.8(12) 
N(1)-C(11)-C(12)-C(13) 178.5(2) 
C(16)-C(11)-C(12)-C(13) 0.7(3) 
N(1)-C(11)-C(12)-C(17) 1.8(3) 
C(16)-C(11)-C(12)-C(17) -176.0(2) 
C(11)-C(12)-C(13)-C(14) -1.0(4) 
C(17)-C(12)-C(13)-C(14) 175.7(2) 
C(12)-C(13)-C(14)-C(15) 0.0(4) 
C(13)-C(14)-C(15)-C(16) 1.5(4) 
C(14)-C(15)-C(16)-C(11) -1.7(4) 
C(14)-C(15)-C(16)-C(20) 179.6(2) 
N(1)-C(11)-C(16)-C(15) -177.1(2) 
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C(12)-C(11)-C(16)-C(15) 0.7(3) 
N(1)-C(11)-C(16)-C(20) 1.5(3) 
C(12)-C(11)-C(16)-C(20) 179.3(2) 
C(13)-C(12)-C(17)-C(19) 46.6(3) 
C(11)-C(12)-C(17)-C(19) -136.8(2) 
C(13)-C(12)-C(17)-C(18) -79.1(3) 
C(11)-C(12)-C(17)-C(18) 97.5(3) 
C(15)-C(16)-C(20)-C(22) -53.1(3) 
C(11)-C(16)-C(20)-C(22) 128.3(2) 
C(15)-C(16)-C(20)-C(21) 70.9(3) 
C(11)-C(16)-C(20)-C(21) -107.6(3) 
N(1)-Mo(1)-N(2)-C(26) 90.2(2) 
C(1)-Mo(1)-N(2)-C(26) -18.5(3) 
O(1)-Mo(1)-N(2)-C(26) -138.0(2) 
N(1)-Mo(1)-N(2)-C(23) -80.10(17) 
C(1)-Mo(1)-N(2)-C(23) 171.14(16) 
O(1)-Mo(1)-N(2)-C(23) 51.61(18) 
C(26)-N(2)-C(23)-C(24) 1.1(3) 
Mo(1)-N(2)-C(23)-C(24) 174.39(17) 
C(26)-N(2)-C(23)-C(27) 178.1(2) 
Mo(1)-N(2)-C(23)-C(27) -8.7(3) 
N(2)-C(23)-C(24)-C(25) -1.1(3) 
C(27)-C(23)-C(24)-C(25) -177.7(2) 
C(23)-C(24)-C(25)-C(26) 0.7(3) 
C(24)-C(25)-C(26)-N(2) 0.0(3) 
C(24)-C(25)-C(26)-C(28) -176.4(3) 
C(23)-N(2)-C(26)-C(25) -0.7(3) 
Mo(1)-N(2)-C(26)-C(25) -171.57(19) 
C(23)-N(2)-C(26)-C(28) 176.0(2) 
Mo(1)-N(2)-C(26)-C(28) 5.2(4) 
N(1)-Mo(1)-O(1)-C(29) -120.8(2) 
C(1)-Mo(1)-O(1)-C(29) -6.7(3) 
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N(2)-Mo(1)-O(1)-C(29) 111.3(2) 
Mo(1)-O(1)-C(29)-C(30) 73.0(3) 
Mo(1)-O(1)-C(29)-C(38) -111.2(2) 
O(1)-C(29)-C(30)-C(31) 178.4(2) 
C(38)-C(29)-C(30)-C(31) 2.6(3) 
O(1)-C(29)-C(30)-Br(1) 3.2(3) 
C(38)-C(29)-C(30)-Br(1) -172.52(17) 
C(29)-C(30)-C(31)-C(32) -1.4(4) 
Br(1)-C(30)-C(31)-C(32) 173.80(17) 
C(30)-C(31)-C(32)-C(37) -1.1(3) 
C(30)-C(31)-C(32)-C(33) -179.7(2) 
C(31)-C(32)-C(33)-C(34) -163.8(2) 
C(37)-C(32)-C(33)-C(34) 17.7(3) 
C(32)-C(33)-C(34)-C(35) -48.8(3) 
C(33)-C(34)-C(35)-C(36) 63.5(3) 
C(34)-C(35)-C(36)-C(37) -45.0(3) 
C(31)-C(32)-C(37)-C(38) 2.3(3) 
C(33)-C(32)-C(37)-C(38) -179.2(2) 
C(31)-C(32)-C(37)-C(36) -178.1(2) 
C(33)-C(32)-C(37)-C(36) 0.4(3) 
C(35)-C(36)-C(37)-C(32) 13.5(3) 
C(35)-C(36)-C(37)-C(38) -166.9(2) 
O(1)-C(29)-C(38)-C(37) -177.3(2) 
C(30)-C(29)-C(38)-C(37) -1.4(3) 
O(1)-C(29)-C(38)-C(39) 1.4(3) 
C(30)-C(29)-C(38)-C(39) 177.3(2) 
C(32)-C(37)-C(38)-C(29) -1.0(3) 
C(36)-C(37)-C(38)-C(29) 179.4(2) 
C(32)-C(37)-C(38)-C(39) -179.7(2) 
C(36)-C(37)-C(38)-C(39) 0.7(3) 
C(29)-C(38)-C(39)-C(40) -96.6(3) 
C(37)-C(38)-C(39)-C(40) 82.1(3) 
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C(29)-C(38)-C(39)-C(48) 80.5(3) 
C(37)-C(38)-C(39)-C(48) -100.7(3) 
C(48)-C(39)-C(40)-O(2) 174.18(19) 
C(38)-C(39)-C(40)-O(2) -8.7(3) 
C(48)-C(39)-C(40)-C(41) -0.3(3) 
C(38)-C(39)-C(40)-C(41) 176.8(2) 
O(2)-C(40)-C(41)-C(42) -176.0(2) 
C(39)-C(40)-C(41)-C(42) -1.5(3) 
O(2)-C(40)-C(41)-Br(2) 3.5(3) 
C(39)-C(40)-C(41)-Br(2) 178.00(16) 
C(40)-C(41)-C(42)-C(43) 2.1(3) 
Br(2)-C(41)-C(42)-C(43) -177.41(17) 
C(41)-C(42)-C(43)-C(48) -0.8(3) 
C(41)-C(42)-C(43)-C(44) -178.5(2) 
C(42)-C(43)-C(44)-C(45) -164.5(2) 
C(48)-C(43)-C(44)-C(45) 17.9(3) 
C(43)-C(44)-C(45)-C(46) -45.8(3) 
C(44)-C(45)-C(46)-C(47) 62.8(3) 
C(45)-C(46)-C(47)-C(48) -50.2(3) 
C(42)-C(43)-C(48)-C(39) -1.1(3) 
C(44)-C(43)-C(48)-C(39) 176.6(2) 
C(42)-C(43)-C(48)-C(47) 176.3(2) 
C(44)-C(43)-C(48)-C(47) -6.0(3) 
C(40)-C(39)-C(48)-C(43) 1.6(3) 
C(38)-C(39)-C(48)-C(43) -175.5(2) 
C(40)-C(39)-C(48)-C(47) -175.8(2) 
C(38)-C(39)-C(48)-C(47) 7.1(3) 
C(46)-C(47)-C(48)-C(43) 22.1(3) 
C(46)-C(47)-C(48)-C(39) -160.5(2) 
C(41)-C(40)-O(2)-Si(1) -88.9(3) 
C(39)-C(40)-O(2)-Si(1) 96.8(3) 
C(40)-O(2)-Si(1)-C(50) 42.1(3) 
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C(40)-O(2)-Si(1)-C(49) -78.2(3) 
C(40)-O(2)-Si(1)-C(51) 163.2(2) 
O(2)-Si(1)-C(51)-C(53) -173.1(2) 
C(50)-Si(1)-C(51)-C(53) -53.2(2) 
C(49)-Si(1)-C(51)-C(53) 67.5(2) 
O(2)-Si(1)-C(51)-C(54) -52.7(2) 
C(50)-Si(1)-C(51)-C(54) 67.2(2) 
C(49)-Si(1)-C(51)-C(54) -172.1(2) 
O(2)-Si(1)-C(51)-C(52) 67.5(3) 
C(50)-Si(1)-C(51)-C(52) -172.7(2) 
C(49)-Si(1)-C(51)-C(52) -51.9(3) 
C(1S)-C(2S)-C(3S)-C(4S) -178.9(3) 
C(2S)-C(3S)-C(4S)-C(5S) 174.5(3) 
C(6S)-C(7S)-C(8S)-C(9S) -179.7(3) 
C(7S)-C(8S)-C(9S)-C(10S) 176.5(4) 
________________________________________________________________ 
 
Representative Procedure for in situ-Generation of Catalyst 2.36b: In an N2-filled dry 
box, a 4-mL vial containing a magnetic stir bar was charged with bis-pyrrolide 2.3b (10.0 
mg, 16.9 μmol), phenol 2.35 (9.40 mg, 16.9 μmol), and C6H6 (845 μL, 0.02 M); the 
mixture became brilliantly orange.  The vial was capped and the solution allowed to stir 
for 1 h at 22 oC.  The catalyst solution was transferred to the reaction mixture by a 
syringe. 
 
General Procedure for Catalytic Enantioselective Olefin Metathesis with in situ -
Generated Catalyst: In an N2-filled dry box, a 4-mL vial equipped with a magnetic stir 
bar was charged with substrate and then C6H6.  The appropriate amount of the chiral 
complex, prepared as mentioned above, was added (final substrate concentration = 0.1 
M); the resulting solution was allowed to stir for the required period of time.  The 
reaction was then quenched by exposure to air and concentrated in vacuo (% conversion 
determined by 400 MHz 1H NMR analysis).  Purification was performed by silica gel 
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chromatography.  The enantiomeric purity of the product of the olefin metathesis reaction 
was determined by GLC or HPLC analysis in comparison with authentic racemic 
material. 
 
(S)-4-methyl-2-(2-methylallyl)-1-phenyl-1,2,3,6-tetrahydropyridine (2.42): Following 
the general procedure, aniline 2.41 (21.1 mg, 0.0830 mmol) in C6H6 (790. μL) was 
treated with 1 mol % of in situ -generated chiral complex 2.36b (41.0 μL, 0.0200 M, 
0.830 μmol; final substrate concentration equals 0.100 M).  The vial was capped and the 
solution was allowed to stir for 30 min.  At this time, the reaction was quenched by 
exposure to air and the mixture concentrated.  The unpurified brown solid was dissolved 
in minimal MeOH (0.5 mL), and KF (4.80 mg, 0.0830 mmol) was added (to desilylate 
the phenol 2.35, which has the same Rf as 2.42).  The mixture was allowed to stir for 30 
min.  Silica gel was added and the mixture concentrated and purified by silica gel 
chromatography (50:1 petroleum ether:Et2O) to afford 2.42 (17.2 mg, 0.0760 mmol, 
91.0% yield) as a white solid. The physical and spectral data were identical to those 
previously reported for compound 2.42.43  M.p. = 55-57 oC; 1H NMR (400 MHz, CDCl3): 
δ 7.26 (2H, dd, J = 8.8, 8.8 Hz), 6.89 (2H, d, J = 8.8 Hz), 6.77 (1H, dddd, J = 7.2, 7.2, 
0.8, 0.8 Hz), 5.54-5.50 (1H, m), 4.79-4.75 (1H, m), 4.69-4.66 (1H, m), 4.23 (1H, dddd, 
JABX = 10.0, 5.2, 4.0, 0.8 Hz), 3.80 (1H, app dt, JABX = 16.8, 1.6 Hz), 3.51 (1H, ddddd, 
JABX = 16.8, 3.6, 2.4, 2.0, 2.0 Hz), 2.40 (1H, br d, JAB = 16.8 Hz), 2.21 (1H, dd, JAB = 
13.2, 10.6 Hz), 2.07 (1H, dd, JABX = 13.6, 4.0 Hz), 2.03 (1H, d, JAB = 17.2 Hz), 1.76 (3H, 
br s), 1.74 (3H, d, J = 0.8 Hz); HRMS (ESI+) [M+H]+ calcd for C16H22N: 228.1752, 
found: 228.1755; 20][ Dα  –169 (c = 0.500, CHCl3) for a sample 96.5:3.5 er [Lit.43,65 20][ Dα  
+181 (c = 0.950, CHCl3) for a sample 99:1 e.r.]. The enantiomeric purity of 2.42 
(96.5:3.5 er) was determined by GLC analysis (CDGTA column, 20 psi, 130 °C).  The 
enantiomer formed in this reaction was assigned through inference with that detailed 
previously.43 
                                                            
(65) It should be noted that the 20][ Dα  value reported originally was incorrectly calculated and is a factor of 
ten too small. The literature value given here is the correctly calculated value. 
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Following the general procedure, the enantioselective RCM of aniline 2.41 to deliver 
piperidine 2.42 was also carried out with the catalyst derived from adamantylimido bis-
pyrrolide 2.4b (2 mol %) and phenol 2.35 (2 mol %) in the same manner as described 
above for in situ  catalyst 2.36.  The enantiomeric purity of 2.42 (>99:1 er) was 
determined by GLC analysis (CDGTA column, 20 psi, 130 °C). 
 
Larger scale enantioselective RCM of triene 2.41: In an N2-filled dry box, a 30-mL 
vial with magnetic stir bar was charged with triene 2.41 (803 mg, 3.14 mmol) and a 
solution of in situ -generated complex 2.36b (393 μL, 0.0400 M, 16.0 μmol, 0.500 mol 
%).  The resulting mixture was allowed to stir for 15 min.  At this time, the reaction was 
quenched by exposure to air and the mixture concentrated.  The resulting brown solid 
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was dissolved in 1:1 MeOH:Et2O (4 mL) and KF (100 mg, 1.70 mmol) added (to 
desilylate the phenol 2.35, which has the same Rf as 2.42).  The mixture was allowed to 
stir for 30 min, after which silica gel was added and the mixture concentrated and 
purified by silica gel column chromatography (50:1 petroleum ether:Et2O) to afford 2.42 
(690 mg, 3.03 mmol, 96.0% yield) as a white solid.  The enantiomeric purity of 2.42 
(95.5:4.5 er) was determined by GLC analysis (CDGTA column, 20 psi, 130 °C). 
Fume hood experiment for enantioselective RCM of triene 2.41: In an N2-filled 
drybox, a 25-mL round-bottom flask, equipped with magnetic stir bar, was charged with 
Mo bis-pyrrolide 2.3b (4.2 mg, 7.2 μmol, 0.010 equiv).  The flask was sealed with a 
septum, and brought to a fume hood.  All subsequent manipulations were performed 
outside of the drybox.  An 8-mL vial was charged with the phenol 2.35 (4.1 mg, 7.2 
μmol, 0.010 equiv), which was then dried by azeotropic distillation with C6H6 (2 x 0.5 
mL).  Toluene (0.36 mL) was added to 2.35 and the resulting solution (0.02 M) 
immediately transferred by gas-tight syringe to the Mo bis-pyrrolide (flask pressurized on 
addition, i.e. no outlet needle).  The mixture was allowed to stir for 1 h at 22 °C.  A 20-
mL vial was charged with triene 2.41 (183 mg, 0.72 mmol, 1.0 equiv), which was then 
dried by azeotropic distillation with C6H6 (1 mL).  Toluene (3.2 mL, final substrate 
concentration = 0.20 M) was added and the resulting solution immediately transferred by 
gas-tight syringe to the 25-mL flask (flask pressurized on addition); the mixture was 
allowed to stir 30 min.  The reaction was then quenched by addition of 1 mL benchtop 
Et2O and concentrated in vacuo . was dissolved in 1:1 MeOH:Et2O (4 mL) and KF (42 
mg, 0.72 mmol) added (to desilylate the phenol 2.35, which has the same Rf as 2.42).  
The mixture was allowed to stir for 30 min, after which silica gel was added and the 
mixture concentrated and purified by silica gel column chromatography (50:1 petroleum 
ether:Et2O) to afford 2.42 (141 mg, 0.62 mmol, 86% yield) as a white solid.  The 
enantiopurity (96:4 er) was determined by GLC analysis (CDGTA column, 20 psi, 130 
°C). 
One-pot enantioselective RCM from commercially available bis-triflate 2.57: In an 
N2-filled drybox, a 25-mL round-bottom flask, equipped with magnetic stir bar, was 
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charged with Mo bis-triflate 2.57 (45.2 mg, 0.0571 mmol) and toluene (1 mL).  The flask 
was tightly capped and the reaction mixture cooled to ca. -30 °C (glovebox freezer).  A 
suspension of the lithium salt of 2,5-dimethylpyrrole (11.5 mg, 0.114 mmol) in toluene 
(0.5 mL) was then added to the solution of 2.57; the flask containing the lithium pyrrolide 
was rinsed with toluene (0.5 mL) and similarly transferred.  The mixture was allowed to 
stir and warm to 22 °C.  The mixture became cloudy on warming.  After 2.5 h, a solution 
of phenol 2.35 (32.3 mg, 0.0570 mmol) in toluene (0.5 mL) was added to the reaction 
mixture; the flask containing 2.35 was rinsed with toluene (0.5 mL) and similarly 
transferred.  The reaction mixture became deep orange immediately and remained 
cloudy.  After 1.5 h, the stirring was ceased and the precipitates were allowed to settle.  A 
4-mL vial with magnetic stir bar was charged with triene 2.41 (24.0 mg, 0.0940 mmol) 
and toluene (890 μL).  A portion of the catalyst solution (2.36b), generated above (47.0 
μL, 0.0200 M, 0.940 μmol; final substrate concentration equals 0.1 M), was added to the 
solution of 2.41.  The vial was capped and the solution was allowed to stir for 30 min.  At 
this time, the reaction was quenched by exposure to air and the mixture concentrated.  
The unpurified brown solid was dissolved in minimal MeOH (0.5 mL), and KF (5.50 mg, 
0.0940 mmol) was added (to desilylate the phenol 2.35, which has the same Rf as 2.42).  
The mixture was allowed to stir for 30 min.  Silica gel was added and the mixture 
concentrated and purified by silica gel chromatography (50:1 petroleum ether:Et2O) to 
afford 2.42 (19.9 mg, 0.0875 mmol, 93.0% yield) as a white solid.  The enantiomeric 
purity of 2.42 (95.5:4.5 er) was determined by GLC analysis (CDGTA column, 20 psi, 
130 °C). 
 
(S)-2-allyl-1-phenyl-1,2,3,6-tetrahydropyridine (2.58): Following the general 
procedure, the triene precursor to 2.58 (14.3 mg, 0.0630 mmol) in C6H6 (600 μL) was 
treated with 1 mol % of in situ -generated chiral complex 2.36b (31.0 μL, 0.0200 M, 
0.630 μmol; final substrate concentration equals 0.1 M).  The vial was capped and the 
solution was allowed to stir for 30 min.  At this time, the reaction was quenched by 
exposure to air and the mixture concentrated.  The unpurified brown solid was purified 
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by silica gel chromatography (60:1 petroleum ether:Et2O) to afford 2.58 (8.7 mg, 0.044 
mmol, 69 % yield) as a white solid. The physical and spectral data were identical to those 
previously reported for compound 2.58.43   1H NMR (400 MHz, CDCl3): δ 7.26 (2H, dd, J 
= 8.0, 8.0 Hz), 6.88 (2H, d, J = 7.6 Hz), 6.77 (1H, dd, J = 8.8, 8.8 Hz), 5.87-5.77 (2H, m), 
5.76 (1H, dddd, J = 16.8, 14.4, 6.8, 6.8 Hz), 5.07-4.95 (2H, m), 4.10 (1H, app q, J = 7.2 
Hz), 3.87-3.76 (1H, m), 3.60-3.50 (1H, m), 2.53-2.43 (1H, m), 2.24 (2H, app t, J = 6.8 
Hz), 2.21-2.13 (1H, m).  The enantiomeric purity of 2.58 (<55:45 er) was determined by 
GLC analysis (CDGTA column, 20 psi, 130 °C).   
 
 
(S)-4-methyl-2-(2-methylallyl)-1-phenyl-2,3,6,7-tetrahydro-1H-azepine (2.59): 
Following the general procedure, the triene precursor to 2.59 (10.7 mg, 0.040 mmol) in 
C6H6 (380 μL) was treated with 1 mol % of in situ -generated catalyst 2.66 (20.0 μL, 
0.0200 M, 0.400 μmol) and allowed to stir for 1 h.  At this time, the reaction was 
quenched by exposure to air and the mixture concentrated.  The unpurified brown oil was 
dissolved in MeOH (0.5 mL) and KF (2.30 mg, 0.040 mmol) was added (to desilylate the 
phenol 2.46, which has the same Rf as 2.59).  The mixture was allowed to stir for 30 min.  
Silica gel was added and the mixture concentrated and purified by silica gel 
chromatography (50:1 petroleum ether:Et2O) to afford 2.59 (8.30 mg, 0.340 mmol, 
86.0% yield) as a colorless oil.  The physical and spectral data were identical to those 
previously reported.43  1H NMR (400 MHz, CDCl3): δ 7.24-7.19 (2H, m) 6.73 (2H, d, J = 
8.4 Hz), 6.63 (1H, dd, J = 7.2, 7.2 Hz), 5.31-5.27 (1H, m), 4.81-4.38 (1H, m), 4.80-4.78 
(1H, m), 4.03 (1H, dddd, J = 9.2, 9.2, 4.4, 4.4 Hz), 3.72 (1H, ddd, JABX = 15.6, 12.0, 3.6 
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Hz), 3.52 (1H, ddd, JABX = 15.6, 4.4, 4.4 Hz), 2.64-2.44 (3H, m), 2.27-2.13 (3H, m), 1.82 
(3H, s), 1.70 (3H, d, J = 1.6 Hz); HRMS (ESI+) [M+H]+ calcd for C17H24N: 242.1909, 
found: 242.1901; 20][ Dα  +205 (c = 1.00, CHCl3) for a sample of 96.5:3.5 er [Lit.43,65 20][ Dα  
–209 (c = 1.00, CHCl3) for a sample of 97.5:2.5 er]. The enantiomeric purity of 2.59 
(96.5:3.5 er) was determined by HPLC analysis (Chiralpak OD column, 100% hexanes, 
1.0 mL/min, 254 nm) in comparison with authentic racemic material. The enantiomer 
formed in this reaction was assigned through inference to product 2.42. 
 
 
(S)-4-methyl-2-(2-methylallyl)-1,2,3,6-tetrahydropyridine (2.60): Following the 
general procedure, the triene precursor to 2.60 (20.0 mg, 0.0330 mmol) in C6H6 (976 μL) 
was treated with 2.5 mol % of in situ-generated chiral complex 2.36b [two batches of 1 
mol % (56.0 μL, 0.0200 M, 1.10 μmol], and one batch of 0.5 mol % 2.36b (28.0 μL, 
0.0200 M, 0.550 μmol; added every ~20 min) and allowed to stir for 1 h (final substrate 
concentration = 0.1 M).  At this time, the reaction was quenched by exposure to air and 
the mixture concentrated.  The resulting brown oil was purified by silica gel 
chromatography (50:1 CH2Cl2:MeOH washed with 2% v/v concentrated aqueous 
NH4OH) to afford 2.60 (15.0 mg, 0.0990 μmol, 89.0% yield) as a colorless oil (volatile).  
The physical and spectral data are identical to those previously reported for compound 
2.60.5 1H NMR (400 MHz, CDCl3): δ 5.43-5.38 (1H, m), 4.83-4.81 (1H, m), 4.78-4.76 
(1H, m), 3.40-3.28 (2H, m), 2.84 (1H, dddd, JAX = 9.6, 7.6, 6.0, 4.4 Hz), 2.16-2.11 (2H, 
m), 1.90-1.62 (3H, m), 1.73 (3H, s), 1.67 (3H, s); HRMS (ESI+) [M+H]+ calcd for 
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C10H18N: 152.1439, found: 152.1446; 20][ Dα  +71.6 (c = 0.993, CHCl3) for a sample of 
83.5:16.5 er) [Lit.5,65 20][ Dα  +77.0 (c = 1.00, CHCl3) for a sample of 93.5:6.5 er]. The 
enantiomeric purity of 2.60 (83.5:16.5 er) was determined by acylation to the 
corresponding amide as previously reported5 followed by GLC analysis (CDGTA 
column, 15 psi, 120 °C). The enantiomer formed in this reaction was assigned through 
inference to product 2.42. 
 
Following the general procedure, the enantioselective RCM to deliver piperidine 2.60 
was also carried out with in situ  catalyst 2.67 (2.5 mol %) in the same manner as 
described above for in situ catalyst 2.36.  The enantiomeric purity of 2.60 (89:11 er) was 
determined by acylation to the corresponding amide as previously reported5 followed by 
GLC analysis (CDGTA column, 15 psi, 120 °C). 
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(S)-4-methyl-2-(2-methylallyl)-2-phenyl-1,2,3,6-tetrahydropyridine (2.61): Following 
the general procedure, the triene precursor to 2.61 (10.8 mg, 0.0420 mmol) in C6H6 (400 
μL) was treated with 1 mol % of in situ-generated chiral complex 2.36b (21.0 μL, 0.0200 
M, 0.420 μmol; final substrate concentration equals 0.1 M).  The vial was capped and the 
solution was allowed to stir for 1 h.  At this time, the reaction was quenched by exposure 
to air and the mixture concentrated.  The unpurified brown solid was purified by silica gel 
chromatography (40:1 to 9:1 CH2Cl2:MeOH) to afford 2.61 (9.4 mg, 0.041 mmol, 98% 
yield) as a white solid.  The physical and spectral data were identical to those previously 
reported for compound 2.61.5  1H NMR (400 MHz, CDCl3): δ 7.39-7.34 (2H, m), 7.33-
7.28 (2H, m), 7.24-7.19 (1H, m), 5.31 (1H, s), 4.77 (1H, s), 4.61 (1H, s), 3.33-3.24 (1H, 
m), 3.06-2.97 (1H, m), 2.53 (1H, d, JAB = 12.8 Hz), 2.48 (1H, d, JAB = 17.2 Hz), 2.39 (1H 
JAB = 12.8 Hz), 2.28 (1H, dddd, JAXY = 17.6, 2.4, 2.4, 2.4 Hz), 1.95 (1H, br), 1.75 (3H, s), 
1.25 (3H, s);  20][ Dα  +83.0 (c = 0.500, CHCl3) for a sample of 82.5:17.5 er).  The 
enantiomeric purity of 2.61 (82.5:17.5 er) was determined by acylation to the 
corresponding amide as previously reported5 followed by GLC analysis (β-dex column, 
15 psi, 130 °C).  The enantiomer formed in this reaction was assigned through inference 
to product 2.42. 
 
 
(S)-7-methyl-8a-(2-methylallyl)-1,2,3,5,8,8a-hexahydroindolizine (2.62): Following 
the general procedure, the triene precursor to 2.62 (20.0 mg, 0.0910 mmol) in C6H6 (865 
μL) was treated with 1 mol % of in situ-generated chiral complex 2.36b (46.0 μL, 0.02 
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M, 0.910 μmol; final substrate concentration = 0.1 M) and allowed to stir for 1 h.  At this 
time, the reaction was quenched by exposure to air and the mixture concentrated.  The 
brown oil was purified by silica gel chromatography (50:1 CH2Cl2:MeOH washed with 
2% v/v concentrated aqueous NH4OH) to afford 2.62 (17.3 mg, 0.0900 mmol, 99.0% 
yield) as a colorless oil (volatile).  IR (neat): 3071 (w), 2963 (s), 2916 (s), 2880 (s), 1639 
(m), 1445 (s), 1375 (m), 1356 (m), 1161 (m), 1101 (m), 887 (s) cm-1; 1H NMR (400 
MHz, CDCl3): δ 5.35-5.32 (1H, m), 4.81 (1H, dddd, JABX = 2.8, 1.2, 1.2, 1.2 Hz), 4.64-
4.62 (1H, m), 3.32-3.16 (2H, m), 2.86-2.72 (2H, m), 2.25 (1H, d, J = 12.8 Hz), 1.95-1.77 
(6H, m), 1.76 (3H, s), 1.66 (3H, s), 1.53 (1H, ddd, J = 11.6, 7.7, 7.6 Hz); 13C NMR (100 
MHz, CDCl3): δ 143.9, 131.4, 117.7, 114.3, 60.3, 50.1, 45.8, 39.5, 36.5, 34.4, 24.7, 23.6, 
20.2; HRMS (ESI+) [M+H]+ calcd for C13H22N: 192.1752, found: 192.1760; 20][ Dα  –92.3 
(c = 1.05, CHCl3) for a sample of 96:4 er.  The enantiomeric purity of 2.62 (96:4 e.r.) was 
determined by oxidation to the corresponding lactam 2.64 as previously reported5 
followed by GLC analysis (CDGTA column, 20 psi, 140 °C).  The enantiomer formed in 
this reaction was assigned through inference to product 2.64. 
 
 
(S)-8-methyl-9a-(2-methylallyl)-2,3,5,6,9,9a-hexahydro-1H-pyrrolo[1,2-a]azepine 
(2.63): Following the general procedure, the triene precursor to 2.63 (20.0 mg, 0.0860 
mmol) in C6H6 (728 μL) was treated with 3 mol % of in situ-generated chiral complex 
2.66 [three batches of 1 mol % (43.0 μL, 0.0200 M, 2.57 μmol) approximately every 20 
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min; final substrate concentration = 0.1 M] and allowed to stir for 1 h.  At this time, the 
reaction was quenched by exposure to air and the mixture concentrated.  The resulting 
brown oil was purified by silica gel chromatography (50:1 CH2Cl2:MeOH washed with 
2% v/v concentrated aqueous NH4OH) to afford 2.63 (15.2 mg, 0.0740 mmol, 86.0% 
yield) as a colorless oil. The physical and spectral data were identical to those previously 
reported.5  1H NMR (400 MHz, CDCl3): δ 5.49-5.44 (1H, m), 4.82 (1H, dddd, JABX = 2.8, 
1.6, 1.6, 1.6 Hz), 4.71-4.68 (1H, m), 2.96 (1H, ddd, J = 13.2, 9.6, 2.4 Hz), 2.90-2.76 (3H, 
m), 2.44 (1H, d, JAB = 15.6 Hz), 2.41-2.31 (1H, m), 2.30 (1H, d, JAB = 14.0 Hz), 2.13 (1H, 
d, JAB = 13.6 Hz), 2.13-2.04 (1H, m), 2.02 (1H, d, JAB = 15.6 Hz), 2.02-1.95 (1H, m), 1.81 
(3H, s), 1.76-1.66 (2H, m), 1.70 (3H, s), 1.45 (1H, ddd, JABX = 12.0, 9.2, 9.2 Hz); HRMS 
(ESI+) [M+H]+ calcd for C14H24N: 206.1909, found: 206.1915; 20][ Dα   –63.9 (c = 0.973, 
CHCl3) for a sample of 90.5:9.5 er. The enantiomeric purity of 2.63 (90.5:9.5 er) was 
determined by oxidation to the corresponding lactam as previously reported5 followed 
GLC analysis (CDGTA column, 20 psi, 140 °C). The enantiomer formed in this reaction 
was assigned through inference to product 2.64. 
 
 
(S)-7-methyl-8a-(2-methylallyl)-8,8a-dihydroindolizin-3(1H,2H,5H)-one (2.64): 
Following the general procedure, the triene precursor to 2.64 (10.0 mg, 0.043 mmol) in 
C6H6 (364 μL) was treated with 3 mol % of in situ-generated complex 2.66 [three batches 
of 1 mol % (21.0 μL, 0.0200 M, 0.430 μmol) every 20 min; final substrate concentration 
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= 0.1 M] and allowed to stir for 1 h.  At this time, the reaction was quenched by exposure 
to air and the mixture concentrated.  The resulting oil was purified by silica gel 
chromatography (2:1 EtOAc:petroleum ether) to afford 2.64 (8.00 mg, 0.0390 μmol, 
91.0% yield) as a colorless oil.  The physical and spectral data were identical to those 
previously reported for compound 2.64.5 1H NMR (400 MHz, CDCl3): δ 5.41-5.37 (1H, 
m), 4.90 (1H, dddd, JABX = 2.0, 1.5, 1.5, 1.5 Hz), 4.73-4.71 (1H, m), 4.32 (1H, br d, JAB = 
18.4 Hz), 3.43 (1H, d, JAB = 18.4 Hz), 2.49-2.22 (5H, m), 2.14-2.03 (2H, m), 1.83-1.74 
(1H, m), 1.75 (3H, s), 1.70 (3H, s); HRMS (ESI+) [M+H]+ calcd for C13H20NO: 
206.1545, found: 206.1551; 20][ Dα  –109 (c = 0.513, CHCl3) for a sample of 95.5:4.5 er 
[Lit.5 20][ Dα  +103 (c = 1.00, CHCl3) for a sample of 99:1 er].  The enantiomeric purity of 
2.64 (95.5:4.5 er) was determined by GLC analysis (CDGTA column, 20 psi, 140 °C).  
The enantiomer formed in this reaction was assigned through inference with that detailed 
previously.5 
 
 
(S)-8a-allyl-1,2,8,8a-tetrahydroindolizin-3(5H)-one (2.65): Following the general 
procedure, the triene precursor to 2.65 (10.0 mg, 0.0490 mmol) in C6H6 (364 μL) was 
treated with 5 mol % of in situ-generated complex 2.36b (122 μL, 0.0200 M, 2.44 μmol) 
and allowed to stir for 1 h.  At this time, the reaction was quenched by exposure to air 
and the mixture concentrated.  The resulting oil was purified by silica gel 
chromatography (1:1 EtOAc:Et2O) to afford 2.65 (8.40 mg, 0.0490 μmol, >98.0% yield) 
as a colorless oil.  The physical and spectral data were identical to those previously 
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reported for compound 2.65.5  For the GLC trace of authentic racemic material, see 
reference 5.  The enantiomeric purity of 2.65 (65:35 er) was determined by GLC analysis 
(β-dex column, 20 psi, 140 °C).  The enantiomer formed in this reaction was assigned 
through inference with 2.64. 
 
 
(S)-4-methyl-2-(2-methylallyl)-3,6-dihydro-2H-pyran (2.68): Following the general 
procedure, the triene precursor to 2.68 (20.0 mg, 0.111 mmol) in C6H6 (1.05 mL) was 
treated with 1 mol % of in situ-generated complex 2.67 (58 μL, 0.019 M, 1.1 μmol) and 
allowed to stir for 1 h.  At this time, the reaction was quenched by exposure to air and the 
mixture concentrated.  The unpurified brown oil was dissolved in minimal MeOH (0.5 
mL), and KF (6.44 mg, 0.111 mmol) was added (to desilylate the phenol 2.35, which has 
the same Rf as 2.68).  The mixture was allowed to stir for 30 min.  Silica gel was added 
and the mixture concentrated and purified by silica gel chromatography (50:1 petroleum 
ether:Et2O) to afford 2.68 (16.9 mg, 0.111 mmol, >98.0% yield) as a colorless oil.  The 
physical and spectral data were identical to those previously reported for compound 
2.68.47  1H NMR (400 MHz, CDCl3): δ 5.42-5.39 (1H, br s), 4.83-4.81 (1H, m), 4.79-4.76 
(1H, m), 4.22-4.08 (2H, m), 3.67 (1H, dddd, J = 9.6, 7.5, 5.7, 3.6 Hz), 2.35 (1H, dd, J = 
14.4, 7.6 Hz), 2.18 (1H, dd, J = 14.4, 6.0 Hz), 2.00-1.90 (1H, m), 1.87-1.79 (1H, m), 1.77 
(3H, s), 1.69 (3H, s).  The enantiomeric purity of 2.68 (86:14 er) was determined by GLC 
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analysis (CDGTA column, 15 psi, 60 °C).  The enantiomer formed in this reaction was 
assigned through inference to product 2.42. 
 
 
(S)-4-methyl-2-(2-methylallyl)-2-phenyl-3,6-dihydro-2H-pyran (2.69): Following the 
general procedure, the triene precursor to 2.69 (20.0 mg, 0.0780 mmol) in C6H6 (740 μL) 
was treated with 1 mol % of in s itu-generated complex 2.36b (39 μL, 0.020 M, 0.78 
μmol) and allowed to stir for 30 min.  At this time, the reaction was quenched by 
exposure to air and the mixture concentrated.  The unpurified brown oil was dissolved in 
minimal MeOH (0.5 mL), and KF (4.53 mg, 0.078 mmol) was added (to desilylate the 
phenol 2.35, which has the same Rf as 2.69).  The mixture was allowed to stir for 30 min.  
Silica gel was added and the mixture concentrated and purified by silica gel 
chromatography (50:1 petroleum ether:Et2O) to afford 2.69 (16.1 mg, 0.0710 mmol, 
91.0% yield) as a colorless oil.  1H NMR (400 MHz, CDCl3): δ 7.38-7.21 (5H, m), 5.27-
5.23 (1H, m), 4.78-4.74 (1H, m), 4.61-4.57 (1H, m), 4.15-4.06 (1H, m), 3.87-3.77 (1H, 
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m), 2.60-2.37 (4H, m), 1.77 (3H, s), 1.40 (3H, s).  The enantiomeric purity of 2.69 (86:14 
er) was determined by HPLC analysis (Chiralcel OD column, 100% hexanes, 1.0 
mL/min, 254 nm).  The enantiomer formed in this reaction was assigned through 
inference to product 2.42. 
 
 
(S)-2,2,5-trimethyl-7-(2-methylallyl)-2,3,6,7-tetrahydro-1,2-oxasilepine (2.70): 
Following the general procedure, the triene precursor 2.70 (10.0 mg, 0.0419 mmol) in 
C6H6 (314 μL) was treated with 5 mol % of in situ-generated chiral complex 2.36b (105 
μL, 0.0200 M, 0.201 μmol; final substrate concentration = 0.1 M) and allowed to stir for 
1 h.  At this time, the reaction was quenched by exposure to air and the mixture 
concentrated.  The resulting brown oil was purified by Kugelrohr distillation (~0.1 torr, 
90 °C) to afford 2.70 together with the remaining starting material as a colorless oil.  The 
physical and spectral data were identical to those previously reported.47  The 
enantiomeric purity of 2.70 (86.5:13.5 er) was determined by GLC analysis (β-dex 
column, 15 psi, 90 °C).  The enantiomer formed in this reaction was assigned through 
inference to product 2.71. 
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(S)-7-(4-bromophenyl)-2,2,5-trimethyl-7-(2-methylallyl)-2,3,6,7-tetrahydro-1,2-
oxasilepine (2.71):  Following the general procedure, the triene precursor 2.71 (14.8 mg, 
0.0380 mmol) in C6H6 (360 μL) was treated with 1 mol % of in s itu-generated chiral 
complex 2.66 (19.0 μL, 0.0200 M, 0.380 μmol; final substrate concentration = 0.1 M) 
and allowed to stir for 1 h.  At this time, the reaction was quenched by exposure to air 
and the mixture concentrated.  The resulting brown oil was purified by silica gel 
chromatography (100% petroleum ether) to afford 2.71 (11.6 mg, 0.0320 mmol, 84.0% 
yield) as a colorless oil.  The physical and spectral data were identical to those previously 
reported.47 1H NMR (400 MHz, CDCl3): δ 7.41-7.37 (2H, m), 7.26-7.24 (2H, m), 5.59 
(1H, ddd, J = 7.2, 7.2, 1.2 Hz), 4.62 (1H, br s), 4.46 (1H, br s), 2.77 (1H, d, JAB = 14.0 
Hz), 2.62 (1H, d, JAB = 17.6 Hz), 2.59 (1H, d, JAB = 18.0 Hz), 2.48 (1H, d, JAB = 14.0 Hz), 
1.58 (1H, dd, JABX = 14.8, 6.0 Hz), 1.50 (3H, s), 1.44-1.37 (1H, m), 1.35 (3H, s), 0.24 
(3H, s), 0.20 (3H, s); HRMS (ESI+) [M+H]+ calcd for C18H26BrOSi: 365.0936, found: 
365.0945; 20][ Dα  –130 (c = 0.800, CHCl3) for a sample of 94:6 er.  The enantiomeric 
purity of 2.71 (94:6 er) was determined by protiodesilylation of oxasilepine 2.71 as 
previously described47 and HPLC analysis (Chiralcel OD-(R), 99:1 hexanes:i-PrOH, 1.0 
mL/min, 228 nm).  The enantiomer formed in this reaction was assigned through 
inference with that detailed previously.47 
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(S)-3-(4-bromophenyl)-5-methyl-3-(2-methylallyl)-3,4-dihydro-2H-pyran (2.72): 
Following the general procedure, the triene precursor 2.72 (10.0 mg, 0.0298 mmol) in 
C6H6 (283 μL) was treated with 10 mol % of in situ-generated chiral complex 2.36b (15.0 
μL, 0.0200 M, 3.00 μmol; final substrate concentration = 0.1 M) and allowed to stir for 1 
h.  At this time, the reaction was quenched by exposure to air and the mixture 
concentrated.  The resulting brown oil was purified by silica gel chromatography (100:1 
petroleum ether:Et3N) to afford 2.72 (8.7 mg, 0.028 mmol, 95% yield) as a colorless oil.  
The physical and spectral data were identical to those previously reported.49    For the 
HPLC trace of authentic racemic material, see Chapter 1. 
 
 
(R,E)-1-benzyl-2-(prop-1-enyl)-2,5-dihydro-1H-pyrrole (2.74): Following the general 
procedure, 2.73 (10.0 mg, 0.0414 mmol) in C6H6 (310 μL) was treated with 5 mol % of 
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in situ -generated chiral complex 2.66 (104 μL, 0.0200 M, 2.07 μmol; final substrate 
concentration = 0.1 M) and allowed to stir for 1 h.  At this time, the reaction was 
quenched by exposure to air and the mixture concentrated.  The resulting brown oil was 
purified by silica gel chromatography (15:1 petroleum ether:EtOAc) followed by neutral 
alumina chromatography (CH2Cl2) to afford 2.74 as a colorless oil.  The enantiomeric 
purity of 2.74 (59:41 er) was determined by GLC analysis (β-dex column, 20 psi, 140 
°C). 
 
 
(R,E)-1-benzyl-6-(prop-1-enyl)-1,2,3,6-tetrahydropyridine (2.76): Following the 
general procedure, 2.75 (10.0 mg, 0.0392 mmol) in C6H6 (343 μL) was treated with 2.5 
mol % of in situ-generated chiral complex 2.66 (49.0 μL, 0.0200 M, 0.978 μmol; final 
substrate concentration = 0.1 M) and allowed to stir for 1 h.  At this time, the reaction 
was quenched by exposure to air and the mixture concentrated.  The resulting brown oil 
was purified by silica gel chromatography (15:1 petroleum ether:EtOAc) to afford 2.76 
(6.50 mg, 0.0305 mmol, 77.7% yield) as a colorless oil.  The physical and spectral data 
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were identical to those previously reported.5  The enantiomeric purity of 2.76 (72:28 er) 
was determined by GLC analysis (β-dex column, 15 psi, 140 °C). 
 
 
tetradehydro (+)-quebrachamine (2.2): Following the general procedure, triene 2.1 
(10.1 mg, 0.0330 mmol) in C6H6 (50 μL) was treated with 1 mol % of in situ-generated 
chiral complex 2.66 (16.5 μL, 0.0200 M, 0.331 μmol; final substrate concentration = 0.5 
M) and allowed to stir for 1 h.  At this time, the reaction was quenched by exposure to air 
and the mixture concentrated.  The resulting brown oil was purified by silica gel 
chromatography (8:1 petroleum ether:Et2O washed with 2% v/v concentrated aqueous 
NH4OH) to afford 2.2 (7.70 mg, 0.0277 mmol, 84.0% yield) as a colorless oil.  IR (neat): 
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3400 (s), 3023 (w), 2912 (s), 2846 (m), 2783 (m), 2727 (m), 1632 (m), 1462 (s), 1435 
(m), 1333 (m), 1299 (m), 1164 (m), 999 (m), 911 (m), 740 (s) cm-1; 1H NMR (400 MHz, 
CDCl3): δ 7.78 (1H, br s), 7.51-7.47 (1H, m), 7.31-7.28 (1H, m), 7.13-7.05 (2H, m), 5.90 
(1H, ddd, J = 9.9, 4.8, 1.5 Hz), 5.61 (1H, dd, JABX = 17.5, 10.5 Hz), 5.44 (1H, ddd, J = 
9.9, 4.0, 2.0 Hz), 4.92 (1H, dd, J = 6.8, 1.3 Hz), 4.88 (1H, s), 3.73 (1H, ddd, JABX = 14.2, 
10.5, 1.5 Hz), 3.32-3.25 (1H, m), 3.13-3.07 (1H, m), 2.88-2.82 (1H, m), 2.80-2.64 (4H, 
m), 2.42-2.33 (2H, m), 2.01-1.86 (2H, m); 13C NMR (100 MHz, CDCl3): δ 145.8, 139.3, 
135.5, 132.2, 128.9, 127.5, 120.9, 119.0, 118.0, 112.0, 110.1, 110.1, 59.3, 54.1, 52.0, 
43.6, 40.1, 25.5, 23.0; HRMS (ESI+) [M+H]+ calcd for C19H23N2: 279.1861, found: 
279.1854; 20][ Dα  +99.2 (c = 0.513, CHCl3) for a sample of 98:2 er. The enantiomeric 
purity of 2.2 (98:2 er) was determined by HPLC analysis (Chiralpak OD, 95:5 hexanes:i-
PrOH, 1.0 mL/min, 254 nm. The absolute stereochemistry was determined through 
subsequent catalytic hydrogenation to obtain (+)-quebrachamine (see below). 
 
 
(+)-quebrachamine: A 4-mL vial containing a magnetic stir bar was charged with diene 
2.2 (5.40 mg, 19.4 μmol) and 5 mol % PtO2 (0.220 mg, 194 μL, 0.1 M heterogeneous 
dispersion in EtOH). A septum was used to cap the vial and the stirring suspension was 
treated with 1 atm H2, administered through a balloon.  After a brief purge to ensure 
exchange of the atmosphere with H2, the mixture was allowed to stir for 1 h. At this time, 
the mixture was pushed through a plug of silica gel and eluted with CH2Cl2 washed with 
2% v/v concentrated aqueous NH4OH (10 mL). Removal of the volatiles furnished a 
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colorless oil that was purified by silica gel chromatography (CH2Cl2 washed with 2% v/v 
concentrated aqueous NH4OH) to afford (+)-quebrachamine (5.30 mg, 18.8 μmol, 97.0% 
yield) as a white solid.  M.p. = 143-144 oC [Lit.66 147-149 oC]; IR (neat): 3403 (s), 2957 
(m), 2921 (s), 2850 (s), 2784 (m), 2730 (m), 1462 (s), 1440 (m), 1348 (w), 1131 (w), 741 
(s) cm-1; 1H NMR (400 MHz, CDCl3): δ 7.70 (1H, br s), 7.49-7.47 (1H, m), 7.29-7.26 
(1H, m), 7.09 (1H, td, J = 7.2, 1.6 Hz), 7.06 (1H, td, J = 7.2, 1.6 Hz), 3.25 (1H, br d, J = 
11.6 Hz), 2.94 (1H, ddd, JABX = 14.8, 11.6, 4.8 Hz), 2.84 (1H, ddd, JABX = 14.8, 4.4, 2.8 
Hz), 2.74 (1H, ddd, JABX = 15.6, 10.4, 2.0 Hz), 2.67 (1H, ddd, JABX = 15.2, 7.2, 2.0 Hz), 
2.48-2.43 (1H, m), 2.41 (1H, dd, J = 4.4, 2.8 Hz), 2.33 (1H, td, J = 11.6, 4.4 Hz), 2.25 
(1H, td, J = 11.6, 11.6, 2.8 Hz), 1.92 (1H, ddd, J = 14.0, 6.8, 2.0 Hz), 1.65-1.53 (2H, m), 
1.50 (1H, d, J = 11.6 Hz), 1.33-1.08 (5H, m), 0.85 (3H, t, J = 7.2 Hz); 13C NMR (100 
MHz, CDCl3): δ 140.0, 135.0, 129.1, 120.3, 118.8, 117.5, 110.1, 108.9, 56.9, 55.2, 53.4, 
37.3, 34.9, 33.6, 32.2, 22.8, 22.6, 22.1, 7.9; HRMS (ESI+) [M+H]+ calcd for C19H27N2: 
283.2174, found: 283.2183; 20][ Dα  +103 (c = 0.353, CHCl3) for a sample of 98:2 er [Lit.66 
20][ Dα  +117 (c = 0.180, CHCl3) for an enantiopure sample]. 
                                                            
(66) (a) Walls, F.; Collera, O.; Sandoval L. A. Tetrahedron 1958, 2, 173-182. (b) Node, M.; Nagasawa, H.; 
Fuji, K. J. Am. Chem. Soc . 1987, 109, 7901–7903. (c) Temme, O.; Taj, S-A.; Andersson, P. G. J. Org. 
Chem. 1998, 63, 6007–6015.  
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Chapter Three 
The Importance of Non-Productive Reactions in Enantioselective 
Ring-Closing Metathesis Promoted by Stereogenic-at-Mo Catalysts1 
3.1 Introduction 
 The search for enhanced chemical reactivity and selectivity is at the heart of 
research in catalysis.  In Chapter 2, we introduced a new class of stereogenic-at-Mo 
catalysts for olefin metathesis, which display unprecedented reactivity in a number of 
enantioselective ring-closing metathesis (RCM) reactions, including the challenging 
penultimate step in our synthesis of quebrachamine.  Beyond the increased reactivity 
observed with the new class of catalysts, their utility is further marked by the ability to 
generate and use them in situ .  In this regard, one outcome was particularly striking: 
unsubstituted pyrrolide complexes, such as 3.3, which can be prepared as a single 
diastereomer, deliver lower enantioselectivity in RCM reactions (e.g., 3.1 to 3.2, Scheme 
3.1) than complexes that bear a dimethylpyrrolide ligand (3.4), which are generated with 
lower diastereoselectivity (7:1 dr).2  Since we initially believed that achieving a highly 
stereoselective synthesis of the catalyst might be crucial to obtaining an enantioselective 
transformation, these results were intriguing.  Our investigations into this phenomenon 
are outlined in this chapter. 
                                                            
(1) Meek, S. J.; Malcolmson, S. J.; Li, B.; Schrock, R. R.; Hoveyda, A. H. J. Am. Chem. Soc. 2009, 131, 
16407-16409. 
(2) For a detailed discussion, see Chapter 2. 
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3.2 Examining the factors that govern enantioselectivity in RCM reactions 
 Before discussing our experiments to elucidate the mechanism by which the 
stereogenic-at-Mo catalysts operate in enantioselective ring-closing metathesis, it is 
beneficial to review the key aspects that influence enantioselectivity in these 
transformations (Scheme 3.2).  As was discussed in Chapter 2, the tetrahedral Mo 
complex must first distort to accommodate an incoming olefin.  This is true regardless of 
whether a C2-symmetric diolate or stereogenic-at-Mo complex is employed; however, 
what determines the facial selectivity for olefin coordination in the two classes of 
catalysts is quite different.  In the diolate complexes (A), the two possible distortions, 
which might lead to a productive olefin metathesis reaction, are electronically equivalent 
but sterically differentiated.  In one distortion, the t-butyl group of the biphenolate ligand 
blocks the approach of an olefin to the vacant site on the metal.  Contrastingly, the 
diastereotopic CNO face of the opposite distortion is much more accessible.  For the 
monoaryloxide complexes (B), the distortion is largely electronically governed, with 
coordination of the olefin trans to the pyrrolide preferred as discussed in Chapter 2.3  
                                                            
(3) (a) Solans-Monfort, X.; Clot, E.; Copéret; C., Eisenstein, O. J. A m. Chem. Soc.  2005, 127, 14015-
14025. (b) Poater, A.; Solans-Monfort, X.; Clot, E.; Copéret, C.; Eisenstein, O. J. Am. Chem. Soc. 2007, 
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With all other factors being equal, the facial preference of olefin coordination determines 
which enantiomer of product is formed. 
Scheme 3.2 Factors that influence enantioselectivity in Mo-catalyzed RCM reactions
Facial selectivity in olefin coordination
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 A complicating feature of high oxidation state Mo alkylidenes is their ability to 
exist as two rotational isomers, the syn- (C) or anti-alkylidene (D), which can lead to 
                                                                                                                                                                                 
129, 8207–8216. (c) Solans-Monfort, X.; Copéret, C.; Eisenstein, O. J. Am. Che m. Soc. 2010, 132, 7750-
7757. 
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opposite enantiomers of product as shown in Scheme 3.2.  Although the syn-isomer is in 
most cases thermodynamically more stable due to an α-agostic interaction with the 
alkylidene proton, it has been shown in one case that an anti-alkylidene is more reactive 
than the respective syn-complex.4  It has also been demonstrated that anti-alkylidenes 
coordinate Lewis bases more strongly than the corresponding syn-isomers due to an 
increase in Lewis acidity as a result of the absence of the α-agostic interaction.5  
Furthermore, the barrier to interconversion between the two rotational isomers is usually 
accessible at room temperature,6 meaning that even though an anti-alkylidene might not 
be observable, it may still be the kinetically more competent species in the reaction.  
With that said, there is evidence from Z-selective ring-opening cross-metathesis that 
stereogenic-at-Mo complexes prefer to react through the syn-alkylidene isomer.7 
 Although the monoaryloxide catalyst may coordinate an olefin from one 
electronically favored face of the catalyst and may react predominantly through a syn-
alkylidene isomer, it must still choose between two diastereotopic olefins (E vs F, 
Scheme 3.2).  We suggest that avoidance of a syn-pentane interaction within F may lead 
to reaction through the lower energy E.  This may also explain why enantiotopic 1,1-
disubstituted olefins deliver higher enantioselectivity than the corresponding 1,2-
disusbtituted olefins (see Chapter 2, section 2.12). 
 Even if all three of these factors are controlled perfectly, there is one additional 
aspect of monoaryloxide complexes that might be problematic – the stereochemistry at 
the metal center.  If a complex with S-stereochemistry at Mo reacts with equal facility as 
one with R-stereochemistry, a racemic metathesis product will be obtained.  This is 
further complicated by the fact that the metal center undergoes inversion with the 
formation of each metallacyclobutane (MoR=C → metallacyclobutane → C=MoS).  In the 
simplest form of the catalytic cycle for RCM there are two such inversions: cross-
                                                            
(4) Bazan, G. C.; Khosravi, E.; Schrock, R. R.; Feast, W. J.; Gibson, V. C.; O’Regan, M. B.; Thomas, J. K.; 
Davis, W. M. J. Am. Chem. Soc. 1990, 112, 8378-8387. 
(5) Zhu, S. S.; Cefalo, D. R.; La, D. S.; Jamieson, J. Y.; Davis, W. M.; Hoveyda, A. H.; Schrock, R. R. J. 
Am. Chem. Soc. 1999, 121, 8251-8259. 
(6) (a) Oskam, J. H.; Schrock, R. R. J. Am. Chem. Soc. 1992, 114, 7588-7590. (b) Oskam, J. H.; Schrock, 
R. R. J. Am. Chem. Soc. 1993, 115, 11831-11845. 
(7) Ibrahem, I.; Yu, M.; Schrock, R. R.; Hoveyda, A. H. J. Am. Chem. Soc. 2009, 131, 3844-3845. 
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metathesis of the catalyst onto the substrate followed by ring-closure (see Chapter 2, 
Scheme 2.8); a given elementary step (i.e., olefin coordination, metallacycle formation, 
cycloreversion, and olefin decoordination) of a catalytic cycle would thus involve a Mo 
species with the same stereochemistry as that in the previous cycle.8  There are, however, 
several non-productive metathesis processes, which can invert the stereochemistry at the 
metal outside the confines of the simplest catalytic cycle. 
 At this point, there were several mechanistic possibilities before us.  (1) The two 
diastereomers of the catalyst might have different rates of initiation, to the point where 
one may not initiate at all.  The other diastereomer may then proceed through a high 
fidelity double inversion catalytic cycle as outlined above.  (2) Rather than being 
differentiated in the initiation stage, the two isomers of the stereogenic-at-Mo complex 
may be discriminated at some point in the propagation.  One stereoisomer of catalyst may 
become sequestered as a particular intermediate, while the other continues to turn over in 
the simplest form of the catalytic cycle.  (3) The two diastereomers of the catalyst could 
be in rapid equilibrium through non-productive metathesis processes.  As a result, the 
difference in energy of the turnover-limiting-step of each stereoisomer of catalyst will 
determine the enantioselectivity (Curtin-Hammett kinetics). 
3.3 NMR investigations regarding initiation of catalyst diastereomers 
 We began by probing whether the two diastereomers of the in situ -generated 
monoaryloxide catalyst might initiate at different rates in an enantioselective RCM.  
Treatment of triene 3.1 with 10 mol % 3.4, generated in situ  as a 7:1 mixture of 
diastereomers, delivers >98% conversion to piperidine 3.2 within 10 min (Scheme 3.3).  
Under these conditions, the major diastereomer of 3.4 (S-configuration at the metal center 
as determined by X-ray crystallographic analysis) is completely consumed, but the minor 
neophylidene diastereomer of 3.4 remains intact (at least 95% uninitiated as determined 
by 400 MHz 1H NMR spectroscopy; 3.2 as the internal standard).9  Piperidine 3.2 is 
                                                            
(8) For further discussion of this topic, see Chapter 2, section 2.5. 
(9) A 10 mol % catalyst loading was utilized so that both diastereomers of 3.4 could be observed in the 
presence of a large excess of 3.1/3.2; it is thus not clear whether the minor diastereomer of 3.4 would 
remain uninitiated at 1 mol % loading before the reaction is complete. 
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obtained with the same enantioselectivity as when 1 mol % in situ -3.4 is employed 
(96.5:3.5 er). 
0123456789101112131415
0123456789101112131415
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+
3.1
in situ-3.4
N
Mo
O Br
OTBS
Br
N Ph
i-Pr i-Pr
in situ-3.4
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major isomer drawn
Scheme 3.3 1H NMR monitoring of the RCM of 3.1 with in situ-generated 3.4
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N
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3.1 3.2
>98% conv, 97% yield
96.5:3.5 er
 
 The same experiments were performed with in situ-generated complexes 3.5-3.7 
(Scheme 3.4).  For monobromo 3.5, a complex that also delivers high enantioselectivity 
in the RCM of aniline 3.1 (94:6 er) despite existing as a 2:1 mixture of diastereomers, 
only initiation of the major diastereomer can be observed.  With catalysts 3.6 and 3.7, 
although prepared with a greater diastereomeric ratio, deliver lower enantioselectivity for 
3.2 (74:26-75:25 er); in both cases, initiation of the major and minor diastereomers can be 
observed by 400 MHz 1H NMR spectroscopy. 
From these data, it was clear that the bromide ortho to the phenoxide linkage was 
crucial for controlling initiation of a single catalyst diastereomer and that the dihedral 
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biaryl angle of the aryloxide ligand could also play a significant role.10  The data also 
implied that suppressing initiation of one of the catalyst diastereomers could deliver a 
highly enantioselective process.  Although greatly provocative, this hypothesis, based on 
a decidedly circumstantial set of data, was subsequently shown to be incorrect (see 
discussion below). 
 
3.4 Isolation of the minor R-diastereomer of monoaryloxide catalyst 3.4 
 The first indication of the complexity of ring-closing metatheses promoted by 
stereogenic-at-Mo complexes came upon isolation of the minor diastereomer of catalyst 
3.4.  Previously we had been able to crystallize the S-diastereomer of 3.4 selectively, 
which is the major component of the in situ -generated mixture.  By a fractional 
crystallization process, we were then able to obtain X-ray quality crystals of R-3.4 in 
19% yield (Figure 3.1).11 
                                                            
(10) For a discussion of this topic, see: Au-Yeung, T. T-L.; Chan, S-S.; Chan, A S. C. Adv. Synth. Catal. 
2003, 345, 537-555. 
(11) It should be noted that for simplicity, the stereochemical indicator before each complex (e.g., R-3.4) 
indicates the configuration at the metal and does not denote the stereochemistry of the ligand, which 
remains fixed throughout the reaction.  The reader should thus be mindful that R-3.4 and S-3.4 are not 
enantiomers but are diastereomers; the same holds true for all other such complexes throughout the chapter. 
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 Several structural features of R-3.4 explain why this neophylidene diastereomer is 
a poorer initiator than S-3.4, all of which relate to the dramatically different orientation of 
the aryloxide ligand between the two complexes.  First, in R-3.4, the bromine atom ortho 
to the Mo-O bond forms a chelate with the metal (Mo-Br distance = 3.04 Å), which likely 
hinders the distortion; the Mo-Br interaction is absent in S-3.4 (Mo-Br distance = 3.80 
Å).  This type of chelate in R-3.4 explains why when the bromine is changed to fluorine, 
the alkylidene proton resonance of one of the diastereomers formed in situ appears as a 
doublet (see Chapter 2).  Then, for initiation an olefin should approach the distorted 
trigonal prism12 trans to the pyrrolide ligand.  To achieve the distortion with S-3.4, the 
aryloxide may easily slide the back ring under the pyrrolide ligand; however, in R-3.4 the 
distortion may cause severe steric repulsion between the TBS protecting group and the 
pyrrolide ligand.  Finally, once the distortion has been achieved, the incoming olefin 
encounters only the ortho-bromide in S-3.4, which can easily move out of the way by a 
slight rotation about the Mo-O bond.  Contrastingly, in R-3.4, the entire back ring of the 
aryloxide ligand blocks the approach of the incoming olefin, making coordination much 
more difficult.   
                                                            
(12) A trigonal prism is a four-coordinate species, which is the equivalent to a trigonal bipyramid lacking 
one apical ligand; thus, the pyrrolide constitutes the only apical ligand in the trigonal prism. 
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Figure 3.1 X-ray crystal structures of the (S) and (R) diastereomers of complex 3.4
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3.5 Olefin metathesis with each isolated diastereomer of 3.4 
 From 1H NMR monitoring of the ring-closure of triene 3.1 with a 7:1 mixture of 
S:R-3.4 (section 3.3), we knew that only S-3.4 would initiate before completion of the 
reaction9 and from the structure of the isolated diastereomers, we could rationalize this 
outcome.  What was not clear, however, was whether, given enough time, R-3.4 was 
capable of promoting enantioselective RCM at all.  We therefore ran a side-by-side 
comparison of the two isolated diastereomers of 3.4 in the ring-closure of aniline 3.1. 
 As shown in Table 3.1, R-3.4 is indeed a competent catalyst, but whereas 2 mol % 
S-3.4 takes only 20 min to complete the formation of piperidine 3.2 (entry 4), 2 mol % R-
3.4 requires 3 h (entry 8).  From this original experiment, carried out because of an 
innocent question as to the relative reactivity of the two neophylidene diastereomers, 
several mechanistically crucial observations were subsequently gleaned. 
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Table 3.1 Enantioselective RCM of 3.1 with isolated S- and R-3.4a
Me
Me
N
Ph
Me
Me
N
Ph
2 mol % S- or R-3.4
C6H6, 22 °C
3.1 3.2
entry conv (%)b
a All reactions performed under an atmosphere of dry N2. b Conversion to the desired product based on 400 MHz 1H NMR analysis
of unpurified mixtures. c Determined by GLC analysis; both diastereomers of catalyst lead to the same major product enantiomer.
1
2
3
4
4
7
13
>98
erc
76:24
87.5:12.5
93.5:6.5
96.5:3.5
time (min)
2
2.5
3
20
entry conv (%)b
5
6
7
8
5
15
23
>98
erc
85:15
94.5:5.5
95:5
96:4
time (min)
30
45
60
180
catalyst
config
catalyst
config
S
S
S
S
R
R
R
R
 
 The first and most obvious thing that we noted was that the same major 
enantiomer of 3.2 was formed with the same selectivity regardless of the stereochemical 
identity of 3.4.  This was curious because, as described in section 3.2, with all other 
factors equal, opposite stereochemistry at the metal in the enantiodetermining step should 
lead to opposite product enantiomers.  Indeed, beginning with S-3.4 or R-3.4, catalysts 
bearing opposite stereochemistry at the metal should be carrying out the 
enantiodetermining step in a clean double-inversion catalytic cycle.  This was the first 
indication that the catalyst might actually be operating outside of such a regime and that 
perhaps even the same species was responsible for carrying out the enantiodetermining 
step, beginning with either neophylidene diastereomer. 
 Additionally, we discovered that the enantioselectivity of the product is not 
constant and improves with increasing conversion in the reaction.  Early in the reaction 
with S-3.4 (4% conversion), piperidine 3.2 is formed in only 76:24 er (entry 1);13 
selectivity then rapidly increases (entries 2-3), with the enantiomer ratio of 3.2 at 13% 
conversion (93.5:6.5 er) nearly equal to that at >98% conversion (compare entries 3 and 
4).  The same is true when R-3.4 is employed as the catalyst: enantioselectivity is 
significantly lower at 5% conversion (85:15 er, entry 5) than at the end of the reaction 
                                                            
(13) Enantiomer ratios at low conversion are averages of two runs as small, immeasurable differences in 1H 
NMR integration had a large impact on enantioselectivity (measured by the more sensitive GLC); see 
experimental section 3.9 for specific results. 
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(96:4 er, entry 8).  These data provide further evidence that the simplest form of the 
catalytic cycle is not valid. 
 That S- and R-3.4 deliver the same enantiomer of product is not limited to the 
RCM of triene 3.1.  As shown in Table 3.2, several other O- and N-based heterocycles 
are formed with nearly equal selectivity and with the same sense of absolute 
stereochemistry from either diastereomer of 3.4.  In all cases, reaction with R-3.4 requires 
longer reaction times than the S-diastereomer. 
Table 3.2 Enantioselective RCM with isolated S- and R-3.4a
Me
Me
HN
Me
N
3.10
Me
O
3.9
entry conv (%)b yield (%)c erdproduct
catalyst;
mol % time (h)
Me
Me
O
3.8
N
H
N
3.11
1
2
3
4
5
6
7
8
S-3.4; 2
R-3.4; 2
S-3.4; 2.5
R-3.4; 2.5
S-3.4; 5
R-3.4; 5
S-3.4; 1
R-3.4; 2
0.5
3
1
3
1
3
1
12
>98
>98
>98
>98
>98
>98
>98
>98
79
74
71
60
97
>98
91
88
78.5:21.5
75.5:24.5
83.5:16.5
83.5:16.5
95:5
95.5:4.5
98:2
98:2
a All reactions performed under an atmosphere of dry N2 at 22 °C in C6H6. b Conversion to the desired
product based on 400 MHz 1H NMR analysis of unpurified mixtures. c Yield of isolated product after
purification. d Determined by GLC or HPLC analysis.  
3.6 Testing the validity of the simplest form mechanism  
To probe the idea of double inversion in the simplest form mechanism of RCM 
further, we designed tetraene 3.12 (Scheme 3.5).  Unlike triene 3.1, which requires only 
initiation (first inversion) and ring-closure (second inversion) for a complete catalytic 
cycle, tetraene 3.12 necessitates one extra olefin metathesis step per cycle.  Thus, in the 
simplest form of the mechanism, the stereoisomer that emerges from each catalytic cycle 
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should have the opposite stereochemistry to the previous cycle; this process should lead 
to the isolation of piperidine 3.2 in a low enantiomer ratio.  What we found, however, 
was that subjection of 3.12 to 5 mol % S-3.414 delivers piperidine 3.2 in 84% yield and 
89:11 er.  Although the enantiopurity of 3.2 is slightly diminished compared to that 
obtained from the ring-closure of 3.1, most importantly the enantioselectivity is still high 
and of the same configuration to that obtained from triene 3.1.  This unequivocally 
demonstrates that the simplest form of the catalytic cycle is not a viable mechanism. 
 
Furthermore, if the faster-initiating S-3.4 were even to proceed through a high 
fidelity catalytic cycle, we would predict that the observed minor enantiomer of 3.2 
would predominate.  As shown in Scheme 3.6, initiation of S-3.4 with 3.1 would deliver 
substituted alkylidene R-3.13, which could react through the syn-alkylidene isomer 
shown (see section 3.2 regarding the preference for a syn-alkylidene) to produce 
metallacyclobutane 3.14.  Decomposition of the metallacycle would then deliver R-3.2, 
the observed minor enantiomer of the reaction, and methylidene S-3.15, which could 
once again react with 3.1, releasing ethylene and re-entering the catalytic cycle. 
                                                            
(14) Lower catalyst loadings (1-2 mol % S-3.4) lead to a significantly slower reaction. 
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At this point, we thought it likely that rapid equilibration of the two catalyst 
diastereomers might be more facile than ring-closure, and that the same stereoisomer of 
catalyst carries out the enantioselective step, regardless of the identity of the starting 
complex (Curtin-Hammett kinetics).15  How this rapid equilibration is achieved became 
the goal of our investigations, keeping in mind that our proposed mechanism had to 
                                                            
(15) For instances of Curtin-Hammett kinetics in metal-catalyzed enantioselective reactions, see: (a) 
MacNeil, P. A.; Roberts, N. K.; Bosnich, B. J. Am. C hem. Soc.  1981, 103, 2273-2280. (b) Halpern, J. 
Science 1982, 217, 401. (c) Roberts, N. K.; Bosnich, B. J. Am. C hem. Soc . 1981, 103, 2273-2280. (d) 
Mackenzie, P. B.; Whelan, J.; Bosnich, B. J. Am. Che m. Soc.  1985, 107, 2046-2054. (e) Trost, B. M.; 
Toste, F. D. J. Am. Chem. Soc. 1999, 121, 4545-4554. (f) Hughes, D. L.; Palucki, M.; Yasuda, N.; Reamer, 
R. A.; Reider, P. J. J. Org. Chem. 2002, 67, 2762-2768. (g) Hughes, D. L.; Lloyd-Jones, G. C.; Krska, S. 
W.; Gouriou, L.; Bonnet, V. D.; Jack, K.; Sun, Y,; Mathre, D. J.; Reamer, R. A. Proc. Natl. Acad. Sci., 
U.S.A. 2004, 101, 5379. (h) Solladié-Cavallo, A.; Jierry, L.; Klein, A.; Schmitt, M.; Welter, R. 
Tetrahedron: Asymmetry 2004, 15, 3891-3898. (i) Denmark, S. E.; Bui, T. J. Org. Chem. 2005, 70, 10393-
10399. (j) Blank, N. F.; Moncarz, J. R.; Brunker, T. J.; Scriban, C.; Anderson, B. J.; Amir, O.; Glueck, D. 
S.; Zakharov, L. N.; Golen, J. A.; Incarvito, C. D.; Rheingold, A. L. J. Am. Che m. Soc. 2007, 129, 6847-
6858. 
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account for increasing enantioselectivity with conversion when beginning with either S- 
or R-3.4. 
3.7 Non-productive metathesis as a means to equilibrate catalyst diastereomers 
 When thinking about what processes might lead to a rapid equilibration of the 
catalyst diastereomers, we considered that coordination of a Lewis base to the metal 
center to produce a five-coordinate complex might lead to a Berry pseudorotation,16 
which could invert the stereochemistry at the metal.  Smaranda Marinescu in the Schrock 
group at MIT has demonstrated that addition of Me3P to S-3.4 leads to the phosphine 
adduct of the inverted complex (3.16), the equilibrium of which may be driven towards 
the product by its precipitation from pentane; the kinetics of interconversion by 
pseudorotation were determined in benzene.17  Therefore, we thought it might be possible 
that a Lewis basic heteroatom in the olefin metathesis substrate or product, or perhaps 
even one of the olefins themselves, might cause an isomerization through Berry 
pseudorotation. 
 
 We also contemplated that isomerization of the metal center might occur through 
non-productive olefin metathesis.18  One such mode of stereochemical inversion might 
occur through coordination of another substrate molecule (3.1) to substrate-derived 
alkylidene R-3.13 (Scheme 3.8); rather than undergo ring-closure, reaction of R-3.13 
                                                            
(16) Berry, R. S. J. Chem. Phys. 1960, 32, 933-938. 
(17) Marinescu, S.; Schrock, R. R.; Li, B.; Hoveyda, A. H. J. Am. Chem. Soc. 2009, 131, 58-59. 
(18) For a discussion of non-productive processes in Ru-catalyzed olefin metathesis, see: Stewart, I. C.; 
Keitz, B. K.; Kuhn, K. M.; Thomas, R. M.; Grubbs, R. H. J. Am. Chem. Soc. 2010, 132, 8534-8535. 
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with the terminal olefin of 3.1 in a non-productive sense would afford metallacycle 3.17.  
Breakdown of the metallacyclobutane could then deliver S-3.13, identical to the starting 
material except for the stereochemical inversion at Mo.  This intermediate may then form 
metallacyclobutane 3.18, which would go on to deliver the major observed enantiomer of 
3.2 and methylidene R-3.15. 
 
 We were aware that while the scenario outlined in Scheme 3.8 could lead to 
isomerization at the metal center, it could not account for the increase in 
enantioselectivity observed as the reaction progresses.  In fact, if substrate-induced non-
productive metathesis were the only means for the catalyst to interconvert between 
diastereomers, the enantioselectivity should decrease as the substrate is consumed.  
Although it could not explain all the data, we decided to probe whether substrate-induced 
non-productive metathesis was even contributing to the overall reaction mechanism at all. 
 To accomplish this task, we designed allylamine 3.19 and its deuterated analogue 
d3-3.19, which mimic the steric and electronic properties of 3.1 without the ability to 
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undergo an intramolecular metathesis reaction (Scheme 3.9).  Thus, in an equal molar 
mixture of 3.19 and d3-3.19, the only possible metathesis reactions are productive and 
non-productive cross-metathesis, enabling us to study substrate-induced non-productive 
metathesis in the absence of ring-closure.  If the proposed non-productive metathesis 
were to occur, we would expect to see a statistical mixture of products, including d1-3.19 
and d2-3.19, generated through the intermediacy of metallacyclobutane 3.20.  In the 
presence of 2 mol % S-3.4, none of the deuterium scrambling products can be observed 
(no productive cross-metathesis occurs either).  Additionally, initiation of S-3.4 is not 
observed by 400 MHz 1H NMR spectroscopy.  Therefore, while we cannot state with 
certainty that substrate-induced non-productive metathesis cannot occur in a ring-closing 
metathesis, since it is unclear how much of the catalyst has initiated in the reaction, we 
can say that such a non-productive metathesis does not take place at the earliest stages of 
the reaction to a significant degree.  It should be noted, however, that apparent lack of 
initiation is in contrast to the RCM of aniline 3.1 performed with 10 mol % in situ-3.4, 
where 1H NMR monitoring of the reaction indicated 100% initiation of the S-
diastereomer of catalyst (see section 3.3).  These data prompted us to consider what other 
non-productive metatheses might be accessible within the catalytic cycle. 
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Scheme 3.9 Crossover experiment rules out substrate-induced non-productive metathesis
at the earliest stages of the catalytic cycle
 
 Ethylene, while not initially present in the reaction mixture, is generated after one 
turnover upon reaction of methylidene complex 3.15 with the terminal olefin of aniline 
3.1 (see Scheme 3.6).  By reacting with ethylene, the two stereoisomers of the 
methylidene may interconvert through unsubstituted metallacyclobutane 3.21 (Scheme 
3.10).  R-3.15 may then initiate on the substrate (3.1) to produce S-3.13, which leads to 
the observed major enantiomer of 3.2.  This process is highly plausible as methylidene 
3.15 is likely the most reactive alkylidene present in the reaction mixture and ethylene the 
most reactive olefin. 
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 The proposal that ethylene causes rapid equilibration of catalyst diastereomers 
was tested, again through an isotope-labeling experiment (Scheme 3.11).  Treatment of 
d3-3.1 with 2 mol % S-3.4 leads to rapid scrambling of deuterium within 7 min: there is 
56% conversion to a mixture of d1- and d3-3.2 (9:1), which is isolated with 95.5:4.5 er; 
most importantly, the starting material is recovered (34%) with 45% proton incorporation 
into the terminal olefin and 10% deuterium incorporation (overall) into the 1,1-
disubstituted olefins.  The cross-over that is observed can be explained by S-3.4 affecting 
a ring-closure of d3-3.1 to deliver methylidene R-3.15; a non-productive reaction with d3-
3.1 then leads to proton incorporation into the terminal olefin via metallacyclobutane 
3.22, strongly implicating the presence of the less-hindered unsubstituted metallacycle 
3.21 (Scheme 3.10).  Isotope cross-over thus serves as a stereochemical marker for 
processes that would otherwise remain invisible to us. 
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 The facility with which unsubstituted metallacyclobutane 3.21 breaks down to 
methylidenes S- and R-3.15 was later demonstrated first for tungsten and subsequently 
for molybdenum by Annie Jiang and others in the Schrock group.19  Not only have their 
studies shown that 3.21 is a likely intermediate in RCM (Figure 3.2), they have also 
established that inversion of stereochemistry at the metal by olefin metathesis is several 
orders of magnitude more facile than inversion through Berry pseudorotation.17 
                                                            
(19) (a) Jiang, A. J.; Simpson, J. H.; Müller, P.; Schrock, R. R. J. Am. Chem. Soc. 2009, 131, 7770-7780. 
(b) Schrock, R. R.; Jiang, A. J.; Marinescu, S.; Simpson, J. H.; Müller, P. Organometallics 2010, 132, 
5241-5251. 
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 Thus, when S-3.4 is employed in the RCM of triene 3.1, initiation delivers R-3.13 
(Scheme 3.6); since a substrate-induced non-productive metathesis reaction cannot occur 
(Schemes 3.7 and 3.8), there is no other choice for the catalyst but to promote the ring-
closure, generating the minor enantiomer R-3.2 and methylidene S-3.15 (slow catalytic 
cycle, Scheme 3.6).  Reaction of the methylidene with 3.1 then regenerates R-3.13 while 
at the same time producing a molecule of ethylene.  The catalyst must therefore toil in the 
slow catalytic cycle until a sufficient quantity of ethylene is generated to establish Curtin-
Hammett conditions, permitting the catalyst to enter the fast catalytic cycle (Scheme 
3.10).  This mechanism can explain why enantioselectivity increases with conversion 
when S-3.4 is employed as catalyst; however, initiation of R-3.4 with 3.1 would place the 
catalyst directly in the fast catalytic cycle.  Therefore there had to be another element to 
the reaction manifold for which we had not accounted. 
This factor was once again ethylene.  The formation of ethylene as a byproduct to 
the desired RCM has consequences beyond establishing Curtin-Hammett conditions in 
the reaction.  Ethylene also assists in catalyst initiation, a fact that explains why complete 
initiation of S-3.4 is observed in our NMR studies involving ring-closing metathesis 
(Scheme 3.3) but not in the substrate-induced non-productive metathesis cross-over 
experiment (Scheme 3.9).  Further evidence for catalyst initiation by ethylene comes 
from studying the conversion of 3.1 to piperidine 3.2 versus time (Table 3.3).  With 1 mol 
% in situ -3.4, none of the desired heterocycle can be observed even after 5 min of 
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reaction time (entry 2).  During this period, is most likely occurring ring-closure but is 
slow, producing ethylene as a byproduct. 
 
 Catalyst initiation by ethylene has a profound effect on the reaction rate in two 
different ways.  The first and most obvious is that it increases the concentration of active 
catalyst in solution faster than initiation by 3.1.  The second pertains to the 
stereochemical consequences of the reaction.  As shown in Scheme 3.12, reaction of 
neophylidene S-3.4 with ethylene generates methylidene R-3.15, which directly enters 
the fast catalytic cycle; this is contrary to initiation of S-3.4 with a substrate, such as 3.1, 
which puts the catalyst into the slow catalytic cycle.  Although reaction of the slower-
initiating neophylidene R-3.4 with substrate puts the catalyst into the fast catalytic cycle, 
the faster initiation of R-3.4 with ethylene produces methylidene S-3.15, which enters the 
slow catalytic cycle, consuming a molecule of ethylene in the process.  Curtin-Hammett 
conditions must again be established before the monoaryloxide catalyst can efficiently 
have access to the fast catalytic cycle, which thus explains why enantioselectivity is 
initially low with R-3.4 also. 
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 The importance of ethylene to achieving efficiency and high enantioselectivity in 
ring-closing metathesis is further substantiated by two other findings.  At 2% conversion 
with S-3.4, the ring-closure of tetraene substrate 3.12 delivers piperidine 3.2 in only 
59:41 er (Scheme 3.13).  Thus, at a low concentration of ethylene, the simplest form of 
the catalytic cycle (triple inversion at Mo) is operative. 
 
 Treating 2 mol % S-3.4 with 100 mol % diallyl ether prior to the addition of triene 
3.1 rapidly generates the methylidene complex and 100 mol % ethylene .  This process 
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pre-establishes Curtin-Hammett conditions such that 3.2 is isolated with 96:4 er at 6% 
conversion within 10 sec.  Contrastingly, without diallyl ether, piperidine 3.2 is isolated 
in only 87.5:12.5 er at 7% conversion; furthermore, 2.5 min of reaction time are required 
to achieve this level of conversion.  Without a doubt, ethylene plays a crucial role in the 
efficiency and enantioselectivity of RCM catalyzed by stereogenic-at-Mo complexes. 
 
3.8 Conclusions 
 The mechanism by which stereogenic-at-Mo catalysts operate highlights another 
important attribute of olefin metathesis that is rarely found in other metal-catalyzed 
processes: continual inversion of stereochemistry at the metal center throughout the 
course of the reaction.  With many olefin metathesis catalysts, the metal center is not 
stereogenic and “inversions” are thus degenerate; only with a stereogenic-at-metal 
catalyst do the consequences of such an inversion mechanism become critical.  Through 
our studies, we have discovered that non-productive reactions are crucial to the efficiency 
and enantioselectivity of ring-closing metatheses catalyzed by stereogenic-at-Mo 
complexes.  Specifically, ethylene, an often overlooked byproduct of metathesis 
reactions, facilitates the rapid interconversion of methylidene diastereomers (inversion of 
configuration at the metal center), thereby establishing Curtin-Hammett conditions in the 
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reaction manifold.  Therefore, the stereochemistry at the metal within the neophylidene 
complex (i.e., S- vs. R-3.4) is important only to the relative rate of initiation but has no 
bearing on the outcome of the metathesis reaction, making stereoselective synthesis of 
the catalyst irrelevant.  If the metal center were the only stereogenic element, however, 
the complex would quickly racemize under the equilibrating conditions.  Only with 
diastereomeric complexes does a significant energy difference exist between transition 
states such that an enantioselective reaction may be realized.  Having a diastereomeric, 
rather than enantiomeric, chiral catalyst is, therefore, vital to achieving high 
enantioselectivity in RCM. 
3.9 Experimentals 
General: All reactions were carried out in oven- (135 °C) or flame-dried glassware under 
an inert atmosphere of dry N2 unless otherwise stated.  Infrared (IR) spectra were 
recorded on a Bruker FTIR Alpha (ATR Mode) spectrometer, υmax in cm-1.  Bands are 
characterized as strong (s), medium (m), or weak (w).  1H NMR spectra were recorded on 
a Varian Unity INOVA 400 (400 MHz) spectrometer.  Chemical shifts are reported in 
ppm from tetramethylsilane with the solvent resonance resulting from incomplete 
deuteration as the internal reference (CDCl3: δ 7.26, C6D6: δ 7.16).  Data are reported as 
follows: chemical shift, integration, multiplicity (s = singlet, d = doublet, t = triplet, br = 
broad, m = multiplet), and coupling constants (Hz). 2H NMR spectra were recorded on a 
Varian INOVA 500 (76.7 MHz) spectrometer.  Chemical shifts are reported in ppm from 
tetramethylsilane with the natural abundance of deuterium in the solvent as the internal 
reference (CDCl3 in CHCl3: δ 7.26).  13C NMR spectra were recorded on a Varian Unity 
INOVA 400 (100 MHz) spectrometer with complete proton decoupling.  Chemical shifts 
are reported in ppm from tetramethylsilane with the solvent resonance resulting from 
incomplete deuteration as the internal reference (CDCl3: δ 77.16, C6D6: δ 128.06).  In the 
case of coupling to deuterium, the data are reported as follows: chemical shift, 
multiplicity (d = doublet, t = triplet), coupling constants (C-D, Hz).  Enantiomer ratios 
were determined by HPLC (Chiral Technologies Chiralpak OD column (4.6 mm x 250 
mm)) or by GLC analysis (Alltech Associates Chiraldex GTA (CDGTA, 30 m x 0.25 
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mm)) in comparison with authentic racemic materials.  High-resolution mass 
spectrometry was performed on a Micromass LCT ESI-MS (positive mode) at the Boston 
College Mass Spectrometry Facility.  Elemental analysis was performed at Midwest 
Microlab, LLC (Indianapolis, IN).  Optical rotation values were recorded on a Rudolph 
Research Analytical Autopol IV polarimeter.  Melting points were measured on a 
Thomas Hoover capillary melting point apparatus and are uncorrected.  X-ray 
crystallography was performed at the Boston College X-ray Crystallographic Laboratory.  
Numbers of compounds are listed as they appear in the main body of the chapter or the 
appendices; all other compounds are listed alphabetically. 
 
Solvents: Solvents were purged with argon and purified under a positive pressure of dry 
argon by a modified Innovative Technologies purification system: diethyl ether (Aldrich) 
and dichloromethane (Doe & Ingalls) were passed through activated alumina columns; 
benzene (Aldrich), toluene (Doe & Ingalls), and pentane20 (J T. Baker) were passed 
successively through activated Cu and alumina columns.  Tetrahydrofuran (Aldrich) was 
distilled from sodium benzophenone ketyl.  Methanol (Doe & Ingalls) was used as 
received. 
 
Metal-based Complexes:  Mo bis-pyrrolide complex A (vide infra ) was prepared 
according to published procedures,21 and was used in the preparation of in situ-generated 
complexes 3.4-3.7 according to published procedures.22 Diastereomerically pure Mo 
monoaryloxide complex S-3.4 was prepared according to published procedures.22  The 
synthesis of R-3.4 is described below.  Mo complexes were handled under an atmosphere 
of N2 in a dry box. 
 
                                                            
(20) n-Pentane was allowed to stir over concentrated H2SO4 for three days, washed with water, followed by 
a saturated aqueous solution of NaHCO3, dried over MgSO4, and filtered before use in the solvent 
purification system. 
(21) Singh, R.; Czekelius, C.; Schrock, R. R.; Müller, P.; Hoveyda, A. H. Organometallics 2007, 26, 2528-
2539. 
(22) (a) See Chapter 2. (b) Malcolmson, S. J.; Meek, S. J.; Sattely, E. S.; Schrock, R. R.; Hoveyda, A. H. 
Nature 2008, 456, 933-937. 
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Synthesis of diastereomerically pure R-3.4: 
 
 In an N2-filled dry box, a 25-mL pear-shaped flask with magnetic stir bar was 
charged with Mo bis-pyrrolide complex A (224 mg, 379 μmol) and Et2O (5 mL).  The 
flask was sealed and allowed to cool to -50 °C (glovebox freezer).  An 8-mL vial was 
charged with phenol B22,23 (211 mg, 379 μmol) and Et2O (1 mL).  The vial was tightly 
capped and allowed to cool to -50 °C (glovebox freezer).  The Mo bis-pyrrolide solution 
was allowed to stir and the chilled alcohol solution was added to it by pipet; the vial 
containing the alcohol was rinsed with Et2O (0.3 mL, -50 °C), which was similarly 
transferred to the reaction mixture.  The resulting solution was allowed to warm to 22 °C.  
As the reaction progressed, the mixture turned from bright yellow to red.  After 1 h at 22 
°C, volatiles were removed under reduced pressure and the resulting residue (red solid) 
was dissolved in n-pentane (5 mL), which was subsequently removed in vacuo to afford a 
red-orange powder (this procedure can be repeated until a powder is obtained).  The 
powder was dissolved in n-pentane (2 mL) with vigorous stirring; once all of the solid 
had dissolved, the flask was sealed and allowed to cool to -50 °C (glovebox freezer) for 
48 h, after which time large red crystals appeared.  The crystals were collected by 
vacuum filtration and washed with cold n-pentane (~5 mL, -50 °C) to afford 
diastereomerically pure S-3.4 (contains 1 molecule of n-pentane per 1 molecule of S-3.4) 
(289 mg, 255 μmol, 67.0% yield).  The resulting mother liquor (enriched in the R 
diastereomer; 4:1 R-3.4:S-3.4) was concentrated in vacuo to afford a red-orange powder. 
The powder was dissolved in n-pentane (0.5 mL) with vigorous stirring; once all of the 
                                                            
(23) Water was removed from phenol B by azeotropic distillation with benzene prior to use in the reaction. 
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solid had dissolved, the flask was sealed and allowed to cool to -50 °C (glovebox freezer) 
for 48 h, after which time small red crystals appeared.  The crystals were collected by 
vacuum filtration and washed with cold n-pentane (~2 mL, -50 °C) to afford 
diastereomerically pure R-3.4 (contains 1 molecule of n-pentane per 1 molecule of R-3.4) 
(84.0 mg, 74.0 μmol, 19.5 % yield).  The physical and spectral data were identical to 
those previously reported for chiral complex S-3.4.22  Data for R-3.4·n-pentane: 1H NMR 
(400 MHz, C6D6): δ 12.90 (1H, s), 7.37-7.33 (3H, m), 7.18-7.12 (3H, m), 7.05-6.98 (4H, 
m), 5.99 (2H, br s), 3.67 (2H, apparent br s), 2.60-1.75 (15H, m), 1.86 (3H, s), 1.62 (3H, 
s), 1.57-0.79 (19H, m), 1.21 (3H, s), 1.19 (3H, s), 0.95 (9H, s), 0.88 (6H, t, J = 6.8 Hz), 
0.25 (3H, s), 0.03 (3H, s); 13C NMR (100 MHz, C6D6): δ 295.1, 158.0, 153.5, 148.5, 
148.2, 136.8, 136.6, 134.1, 132.6, 132.1, 131.7, 130.9, 129.2, 128.8, 128.5, 126.5, 126.2, 
123.5 (br), 112.7, 112.0, 109.3 (br), 55.8, 34.5, 33.0, 30.4, 29.6, 28.9 (br), 27.9, 27.6, 
26.5, 24.2 (br), 23.3, 23.2, 23.0, 22.9, 22.7, 18.9, 17.5 (br), 14.3, -2.2, -3.0; Anal. calcd 
for C59H82Br2MoN2O2Si: C, 62.43; H, 7.28; N, 2.47; found: C, 62.47; H, 7.24; N, 2.42. 
 
X-ray crystal structure data for R-3.4: 
 
Table 1.  Crystal data and structure refinement for R-1. 
Identification code  C59H82Br2MoN2O2Si 
Empirical formula  C59 H82 Br2 Mo N2 O2 Si 
Formula weight  1135.12 
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  P 21 
Unit cell dimensions a = 11.1036(9) Å α= 90∞. 
 b = 12.5845(11) Å β= 100.5680(10)∞. 
 c = 20.5049(17) Å γ = 90∞. 
Volume 2816.6(4) Å3 
Z 2 
Density (calculated) 1.338 Mg/m3 
Absorption coefficient 1.714 mm-1 
F(000) 1184 
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Crystal size 0.25 x 0.15 x 0.03 mm3 
Theta range for data collection 1.95 to 28.00°. 
Index ranges -14<=h<=14, -16<=k<=16, -26<=l<=26 
Reflections collected 33266 
Independent reflections 13252 [R(int) = 0.0232] 
Completeness to theta = 28.00∞ 99.4 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.9504 and 0.6738 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 13252 / 597 / 611 
Goodness-of-fit on F2 0.941 
Final R indices [I>2sigma(I)] R1 = 0.0237, wR2 = 0.0531 
R indices (all data) R1 = 0.0257, wR2 = 0.0535 
Absolute structure parameter 0.007(3) 
Extinction coefficient na 
Largest diff. peak and hole 0.773 and -0.251 e.Å-3 
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Table 2.  Atomic coordinates ( x 104) and equivalent isotropic displacement parameters 
(≈2x 103) for R-1.  U(eq) is defined as one third of the trace of the orthogonalized Uij 
tensor. 
______________________________________________________________________________
__ 
 x y z U(eq) 
______________________________________________________________________________
__ 
Mo(1) 5819(1) 1994(1) 2571(1) 14(1) 
Br(1) 6598(1) 2989(1) 1363(1) 20(1) 
Br(2) -613(1) 4193(1) 2195(1) 33(1) 
Si(1) 1326(1) 3586(1) 886(1) 25(1) 
O(1) 4731(1) 3196(1) 2257(1) 17(1) 
O(2) 1508(1) 4535(1) 1459(1) 21(1) 
C(1) 4809(2) 4097(2) 1907(1) 16(1) 
C(2) 5622(2) 4194(2) 1466(1) 17(1) 
C(3) 5647(2) 5070(2) 1070(1) 21(1) 
C(4) 4849(2) 5910(2) 1100(1) 21(1) 
C(5) 4879(2) 6856(2) 642(1) 28(1) 
C(6) 3694(2) 7496(2) 558(1) 27(1) 
C(7) 3405(2) 7757(2) 1236(1) 26(1) 
C(8) 3144(2) 6747(2) 1601(1) 24(1) 
C(9) 4036(2) 5850(2) 1548(1) 19(1) 
C(10) 4007(2) 4945(2) 1942(1) 16(1) 
C(11) 3092(2) 4862(2) 2397(1) 16(1) 
C(12) 1879(2) 4612(2) 2130(1) 19(1) 
C(13) 1033(2) 4549(2) 2551(1) 21(1) 
C(14) 1369(2) 4760(2) 3220(1) 22(1) 
C(15) 2567(2) 5039(2) 3490(1) 20(1) 
C(16) 2894(2) 5322(2) 4222(1) 26(1) 
C(17) 4059(2) 5962(2) 4388(1) 34(1) 
C(18) 5056(2) 5455(2) 4092(1) 36(1) 
C(19) 4743(2) 5401(2) 3345(1) 26(1) 
C(20) 3436(2) 5076(2) 3078(1) 17(1) 
C(21) 777(3) 2341(2) 1220(1) 48(1) 
C(22) 2792(2) 3300(2) 604(1) 36(1) 
C(23) 213(2) 4213(2) 189(1) 34(1) 
C(24) -1063(2) 4355(4) 358(1) 66(1) 
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C(25) 106(2) 3536(2) -433(1) 42(1) 
C(26) 728(3) 5313(2) 59(1) 54(1) 
N(1) 5240(1) 1302(1) 3169(1) 16(1) 
C(27) 4828(2) 577(2) 3597(1) 17(1) 
C(28) 3794(2) 848(2) 3877(1) 18(1) 
C(29) 3361(2) 97(2) 4269(1) 24(1) 
C(30) 3932(2) -883(2) 4397(1) 26(1) 
C(31) 4968(2) -1114(2) 4134(1) 26(1) 
C(32) 5439(2) -398(2) 3732(1) 21(1) 
C(33) 3158(2) 1901(2) 3719(1) 22(1) 
C(34) 2587(2) 2323(2) 4290(1) 28(1) 
C(35) 2208(2) 1819(2) 3081(1) 37(1) 
C(36) 6562(2) -702(2) 3443(1) 23(1) 
C(37) 6218(2) -1491(2) 2877(1) 34(1) 
C(38) 7597(2) -1141(2) 3972(1) 31(1) 
N(2) 6276(2) 781(1) 2004(1) 21(1) 
C(39) 7352(2) 480(2) 1789(1) 28(1) 
C(40) 7041(3) -45(2) 1205(1) 40(1) 
C(41) 5732(3) -80(2) 1034(1) 37(1) 
C(42) 5294(2) 410(2) 1529(1) 26(1) 
C(43) 8592(2) 701(2) 2180(1) 34(1) 
C(44) 3988(2) 568(2) 1609(1) 31(1) 
C(45) 7280(2) 2505(2) 3086(1) 17(1) 
C(46) 7994(2) 2597(2) 3796(1) 18(1) 
C(47) 7276(2) 2135(2) 4294(1) 23(1) 
C(48) 9179(2) 1943(2) 3818(1) 25(1) 
C(49) 8327(2) 3756(2) 3978(1) 19(1) 
C(50) 9121(2) 3986(2) 4573(1) 26(1) 
C(51) 9444(2) 5017(2) 4755(1) 31(1) 
C(52) 8976(2) 5855(2) 4351(1) 28(1) 
C(53) 8181(2) 5649(2) 3767(1) 26(1) 
C(54) 7861(2) 4605(2) 3583(1) 21(1) 
C(55) -1643(3) 7031(3) 1695(2) 62(1) 
C(56) -294(3) 7225(2) 1986(2) 53(1) 
C(57) -100(3) 7583(3) 2691(2) 61(1) 
C(58) 1238(4) 7814(3) 2999(2) 57(1) 
C(59) 1852(3) 8744(3) 2696(2) 42(1) 
C(58X) 1241(3) 7813(3) 2996(2) 57(1) 
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C(59X) 1128(3) 7920(3) 3675(2) 58(4) 
______________________________________________________________________________
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Table 3.   Bond lengths [≈] and angles [∞] for R-1. 
_____________________________________________________ 
Mo(1)-N(1)  1.7220(16) 
Mo(1)-C(45)  1.8791(19) 
Mo(1)-O(1)  1.9692(13) 
Mo(1)-N(2)  2.0386(17) 
Br(1)-C(2)  1.8985(19) 
Br(2)-C(13)  1.8930(19) 
Si(1)-O(2)  1.6611(15) 
Si(1)-C(21)  1.856(3) 
Si(1)-C(22)  1.860(2) 
Si(1)-C(23)  1.883(2) 
O(1)-C(1)  1.352(2) 
O(2)-C(12)  1.365(2) 
C(1)-C(2)  1.397(2) 
C(1)-C(10)  1.400(3) 
C(2)-C(3)  1.372(3) 
C(3)-C(4)  1.387(3) 
C(3)-H(3A)  0.9500 
C(4)-C(9)  1.403(3) 
C(4)-C(5)  1.521(3) 
C(5)-C(6)  1.525(3) 
C(5)-H(5A)  0.9900 
C(5)-H(5B)  0.9900 
C(6)-C(7)  1.517(3) 
C(6)-H(6A)  0.9900 
C(6)-H(6B)  0.9900 
C(7)-C(8)  1.529(3) 
C(7)-H(7A)  0.9900 
C(7)-H(7B)  0.9900 
C(8)-C(9)  1.518(3) 
C(8)-H(8A)  0.9900 
C(8)-H(8B)  0.9900 
C(9)-C(10)  1.401(3) 
C(10)-C(11)  1.503(3) 
C(11)-C(12)  1.394(3) 
C(11)-C(20)  1.405(3) 
C(12)-C(13)  1.391(3) 
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C(13)-C(14)  1.379(3) 
C(14)-C(15)  1.389(3) 
C(14)-H(14A)  0.9500 
C(15)-C(20)  1.395(3) 
C(15)-C(16)  1.521(3) 
C(16)-C(17)  1.508(3) 
C(16)-H(16A)  0.9900 
C(16)-H(16B)  0.9900 
C(17)-C(18)  1.498(3) 
C(17)-H(17A)  0.9900 
C(17)-H(17B)  0.9900 
C(18)-C(19)  1.509(3) 
C(18)-H(18A)  0.9900 
C(18)-H(18B)  0.9900 
C(19)-C(20)  1.510(3) 
C(19)-H(19A)  0.9900 
C(19)-H(19B)  0.9900 
C(21)-H(21A)  0.9800 
C(21)-H(21B)  0.9800 
C(21)-H(21C)  0.9800 
C(22)-H(22A)  0.9800 
C(22)-H(22B)  0.9800 
C(22)-H(22C)  0.9800 
C(23)-C(25)  1.520(4) 
C(23)-C(24)  1.530(3) 
C(23)-C(26)  1.540(4) 
C(24)-H(24A)  0.9800 
C(24)-H(24B)  0.9800 
C(24)-H(24C)  0.9800 
C(25)-H(25A)  0.9800 
C(25)-H(25B)  0.9800 
C(25)-H(25C)  0.9800 
C(26)-H(26A)  0.9800 
C(26)-H(26B)  0.9800 
C(26)-H(26C)  0.9800 
N(1)-C(27)  1.399(2) 
C(27)-C(32)  1.406(3) 
C(27)-C(28)  1.416(3) 
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C(28)-C(29)  1.383(3) 
C(28)-C(33)  1.509(3) 
C(29)-C(30)  1.389(3) 
C(29)-H(29A)  0.9500 
C(30)-C(31)  1.389(3) 
C(30)-H(30A)  0.9500 
C(31)-C(32)  1.385(3) 
C(31)-H(31A)  0.9500 
C(32)-C(36)  1.525(3) 
C(33)-C(34)  1.525(3) 
C(33)-C(35)  1.526(3) 
C(33)-H(33A)  1.0000 
C(34)-H(34A)  0.9800 
C(34)-H(34B)  0.9800 
C(34)-H(34C)  0.9800 
C(35)-H(35A)  0.9800 
C(35)-H(35B)  0.9800 
C(35)-H(35C)  0.9800 
C(36)-C(37)  1.521(3) 
C(36)-C(38)  1.531(3) 
C(36)-H(36A)  1.0000 
C(37)-H(37A)  0.9800 
C(37)-H(37B)  0.9800 
C(37)-H(37C)  0.9800 
C(38)-H(38A)  0.9800 
C(38)-H(38B)  0.9800 
C(38)-H(38C)  0.9800 
N(2)-C(39)  1.400(3) 
N(2)-C(42)  1.402(3) 
C(39)-C(40)  1.355(3) 
C(39)-C(43)  1.488(3) 
C(40)-C(41)  1.432(4) 
C(40)-H(40A)  0.9500 
C(41)-C(42)  1.353(3) 
C(41)-H(41A)  0.9500 
C(42)-C(44)  1.502(3) 
C(43)-H(43A)  0.9800 
C(43)-H(43B)  0.9800 
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C(43)-H(43C)  0.9800 
C(44)-H(44A)  0.9800 
C(44)-H(44B)  0.9800 
C(44)-H(44C)  0.9800 
C(45)-C(46)  1.528(3) 
C(45)-H(45A)  0.9500 
C(46)-C(47)  1.522(3) 
C(46)-C(49)  1.534(3) 
C(46)-C(48)  1.545(3) 
C(47)-H(47A)  0.9800 
C(47)-H(47B)  0.9800 
C(47)-H(47C)  0.9800 
C(48)-H(48A)  0.9800 
C(48)-H(48B)  0.9800 
C(48)-H(48C)  0.9800 
C(49)-C(54)  1.383(3) 
C(49)-C(50)  1.397(3) 
C(50)-C(51)  1.380(3) 
C(50)-H(50A)  0.9500 
C(51)-C(52)  1.382(3) 
C(51)-H(51A)  0.9500 
C(52)-C(53)  1.376(3) 
C(52)-H(52A)  0.9500 
C(53)-C(54)  1.395(3) 
C(53)-H(53A)  0.9500 
C(54)-H(54A)  0.9500 
C(55)-C(56)  1.526(4) 
C(55)-H(55A)  0.9800 
C(55)-H(55B)  0.9800 
C(55)-H(55C)  0.9800 
C(56)-C(57)  1.491(4) 
C(56)-H(56A)  0.9900 
C(56)-H(56B)  0.9900 
C(57)-C(58)  1.531(5) 
C(57)-C(58X)  1.533(5) 
C(57)-H(57A)  0.9900 
C(57)-H(57B)  0.9900 
C(58)-C(59)  1.540(6) 
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C(58)-H(58A)  0.9900 
C(58)-H(58B)  0.9900 
C(59)-H(59A)  0.9800 
C(59)-H(59B)  0.9800 
C(59)-H(59C)  0.9800 
C(58X)-C(59X)  1.4261 
C(58X)-H(58C)  0.9900 
C(58X)-H(58D)  0.9900 
C(59X)-H(59D)  0.9800 
C(59X)-H(59E)  0.9800 
C(59X)-H(59F)  0.9800 
N(1)-Mo(1)-C(45) 99.76(8) 
N(1)-Mo(1)-O(1) 109.54(7) 
C(45)-Mo(1)-O(1) 109.63(7) 
N(1)-Mo(1)-N(2) 101.03(7) 
C(45)-Mo(1)-N(2) 107.31(8) 
O(1)-Mo(1)-N(2) 126.20(6) 
O(2)-Si(1)-C(21) 110.62(10) 
O(2)-Si(1)-C(22) 111.02(9) 
C(21)-Si(1)-C(22) 108.46(14) 
O(2)-Si(1)-C(23) 102.32(10) 
C(21)-Si(1)-C(23) 114.81(12) 
C(22)-Si(1)-C(23) 109.53(11) 
C(1)-O(1)-Mo(1) 136.23(11) 
C(12)-O(2)-Si(1) 137.58(13) 
O(1)-C(1)-C(2) 121.94(17) 
O(1)-C(1)-C(10) 120.60(16) 
C(2)-C(1)-C(10) 117.31(18) 
C(3)-C(2)-C(1) 122.66(18) 
C(3)-C(2)-Br(1) 120.13(14) 
C(1)-C(2)-Br(1) 116.91(15) 
C(2)-C(3)-C(4) 120.21(18) 
C(2)-C(3)-H(3A) 119.9 
C(4)-C(3)-H(3A) 119.9 
C(3)-C(4)-C(9) 118.77(19) 
C(3)-C(4)-C(5) 118.86(18) 
C(9)-C(4)-C(5) 122.37(19) 
C(4)-C(5)-C(6) 111.52(17) 
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C(4)-C(5)-H(5A) 109.3 
C(6)-C(5)-H(5A) 109.3 
C(4)-C(5)-H(5B) 109.3 
C(6)-C(5)-H(5B) 109.3 
H(5A)-C(5)-H(5B) 108.0 
C(7)-C(6)-C(5) 109.52(17) 
C(7)-C(6)-H(6A) 109.8 
C(5)-C(6)-H(6A) 109.8 
C(7)-C(6)-H(6B) 109.8 
C(5)-C(6)-H(6B) 109.8 
H(6A)-C(6)-H(6B) 108.2 
C(6)-C(7)-C(8) 111.04(18) 
C(6)-C(7)-H(7A) 109.4 
C(8)-C(7)-H(7A) 109.4 
C(6)-C(7)-H(7B) 109.4 
C(8)-C(7)-H(7B) 109.4 
H(7A)-C(7)-H(7B) 108.0 
C(9)-C(8)-C(7) 113.46(17) 
C(9)-C(8)-H(8A) 108.9 
C(7)-C(8)-H(8A) 108.9 
C(9)-C(8)-H(8B) 108.9 
C(7)-C(8)-H(8B) 108.9 
H(8A)-C(8)-H(8B) 107.7 
C(10)-C(9)-C(4) 120.43(19) 
C(10)-C(9)-C(8) 118.65(17) 
C(4)-C(9)-C(8) 120.89(18) 
C(1)-C(10)-C(9) 120.59(18) 
C(1)-C(10)-C(11) 119.13(17) 
C(9)-C(10)-C(11) 120.27(17) 
C(12)-C(11)-C(20) 120.07(17) 
C(12)-C(11)-C(10) 119.09(17) 
C(20)-C(11)-C(10) 120.78(17) 
O(2)-C(12)-C(13) 120.54(17) 
O(2)-C(12)-C(11) 120.26(17) 
C(13)-C(12)-C(11) 118.88(18) 
C(14)-C(13)-C(12) 121.07(18) 
C(14)-C(13)-Br(2) 119.69(15) 
C(12)-C(13)-Br(2) 119.23(15) 
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C(13)-C(14)-C(15) 120.65(18) 
C(13)-C(14)-H(14A) 119.7 
C(15)-C(14)-H(14A) 119.7 
C(14)-C(15)-C(20) 119.06(18) 
C(14)-C(15)-C(16) 119.38(18) 
C(20)-C(15)-C(16) 121.54(18) 
C(17)-C(16)-C(15) 112.80(17) 
C(17)-C(16)-H(16A) 109.0 
C(15)-C(16)-H(16A) 109.0 
C(17)-C(16)-H(16B) 109.0 
C(15)-C(16)-H(16B) 109.0 
H(16A)-C(16)-H(16B) 107.8 
C(18)-C(17)-C(16) 110.4(2) 
C(18)-C(17)-H(17A) 109.6 
C(16)-C(17)-H(17A) 109.6 
C(18)-C(17)-H(17B) 109.6 
C(16)-C(17)-H(17B) 109.6 
H(17A)-C(17)-H(17B) 108.1 
C(17)-C(18)-C(19) 112.4(2) 
C(17)-C(18)-H(18A) 109.1 
C(19)-C(18)-H(18A) 109.1 
C(17)-C(18)-H(18B) 109.1 
C(19)-C(18)-H(18B) 109.1 
H(18A)-C(18)-H(18B) 107.9 
C(18)-C(19)-C(20) 114.00(18) 
C(18)-C(19)-H(19A) 108.8 
C(20)-C(19)-H(19A) 108.8 
C(18)-C(19)-H(19B) 108.8 
C(20)-C(19)-H(19B) 108.8 
H(19A)-C(19)-H(19B) 107.6 
C(15)-C(20)-C(11) 120.21(18) 
C(15)-C(20)-C(19) 121.04(18) 
C(11)-C(20)-C(19) 118.66(17) 
Si(1)-C(21)-H(21A) 109.5 
Si(1)-C(21)-H(21B) 109.5 
H(21A)-C(21)-H(21B) 109.5 
Si(1)-C(21)-H(21C) 109.5 
H(21A)-C(21)-H(21C) 109.5 
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H(21B)-C(21)-H(21C) 109.5 
Si(1)-C(22)-H(22A) 109.5 
Si(1)-C(22)-H(22B) 109.5 
H(22A)-C(22)-H(22B) 109.5 
Si(1)-C(22)-H(22C) 109.5 
H(22A)-C(22)-H(22C) 109.5 
H(22B)-C(22)-H(22C) 109.5 
C(25)-C(23)-C(24) 108.8(2) 
C(25)-C(23)-C(26) 109.4(2) 
C(24)-C(23)-C(26) 108.8(3) 
C(25)-C(23)-Si(1) 109.99(18) 
C(24)-C(23)-Si(1) 112.48(17) 
C(26)-C(23)-Si(1) 107.21(16) 
C(23)-C(24)-H(24A) 109.5 
C(23)-C(24)-H(24B) 109.5 
H(24A)-C(24)-H(24B) 109.5 
C(23)-C(24)-H(24C) 109.5 
H(24A)-C(24)-H(24C) 109.5 
H(24B)-C(24)-H(24C) 109.5 
C(23)-C(25)-H(25A) 109.5 
C(23)-C(25)-H(25B) 109.5 
H(25A)-C(25)-H(25B) 109.5 
C(23)-C(25)-H(25C) 109.5 
H(25A)-C(25)-H(25C) 109.5 
H(25B)-C(25)-H(25C) 109.5 
C(23)-C(26)-H(26A) 109.5 
C(23)-C(26)-H(26B) 109.5 
H(26A)-C(26)-H(26B) 109.5 
C(23)-C(26)-H(26C) 109.5 
H(26A)-C(26)-H(26C) 109.5 
H(26B)-C(26)-H(26C) 109.5 
C(27)-N(1)-Mo(1) 169.74(14) 
N(1)-C(27)-C(32) 119.48(17) 
N(1)-C(27)-C(28) 118.69(17) 
C(32)-C(27)-C(28) 121.83(18) 
C(29)-C(28)-C(27) 117.76(19) 
C(29)-C(28)-C(33) 121.73(18) 
C(27)-C(28)-C(33) 120.44(17) 
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C(28)-C(29)-C(30) 121.38(19) 
C(28)-C(29)-H(29A) 119.3 
C(30)-C(29)-H(29A) 119.3 
C(29)-C(30)-C(31) 119.6(2) 
C(29)-C(30)-H(30A) 120.2 
C(31)-C(30)-H(30A) 120.2 
C(32)-C(31)-C(30) 121.7(2) 
C(32)-C(31)-H(31A) 119.2 
C(30)-C(31)-H(31A) 119.2 
C(31)-C(32)-C(27) 117.68(19) 
C(31)-C(32)-C(36) 119.52(19) 
C(27)-C(32)-C(36) 122.78(18) 
C(28)-C(33)-C(34) 112.67(17) 
C(28)-C(33)-C(35) 110.27(18) 
C(34)-C(33)-C(35) 111.27(17) 
C(28)-C(33)-H(33A) 107.5 
C(34)-C(33)-H(33A) 107.5 
C(35)-C(33)-H(33A) 107.5 
C(33)-C(34)-H(34A) 109.5 
C(33)-C(34)-H(34B) 109.5 
H(34A)-C(34)-H(34B) 109.5 
C(33)-C(34)-H(34C) 109.5 
H(34A)-C(34)-H(34C) 109.5 
H(34B)-C(34)-H(34C) 109.5 
C(33)-C(35)-H(35A) 109.5 
C(33)-C(35)-H(35B) 109.5 
H(35A)-C(35)-H(35B) 109.5 
C(33)-C(35)-H(35C) 109.5 
H(35A)-C(35)-H(35C) 109.5 
H(35B)-C(35)-H(35C) 109.5 
C(37)-C(36)-C(32) 110.60(18) 
C(37)-C(36)-C(38) 110.81(19) 
C(32)-C(36)-C(38) 112.10(17) 
C(37)-C(36)-H(36A) 107.7 
C(32)-C(36)-H(36A) 107.7 
C(38)-C(36)-H(36A) 107.7 
C(36)-C(37)-H(37A) 109.5 
C(36)-C(37)-H(37B) 109.5 
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H(37A)-C(37)-H(37B) 109.5 
C(36)-C(37)-H(37C) 109.5 
H(37A)-C(37)-H(37C) 109.5 
H(37B)-C(37)-H(37C) 109.5 
C(36)-C(38)-H(38A) 109.5 
C(36)-C(38)-H(38B) 109.5 
H(38A)-C(38)-H(38B) 109.5 
C(36)-C(38)-H(38C) 109.5 
H(38A)-C(38)-H(38C) 109.5 
H(38B)-C(38)-H(38C) 109.5 
C(39)-N(2)-C(42) 106.89(17) 
C(39)-N(2)-Mo(1) 134.33(15) 
C(42)-N(2)-Mo(1) 113.73(13) 
C(40)-C(39)-N(2) 108.5(2) 
C(40)-C(39)-C(43) 128.9(2) 
N(2)-C(39)-C(43) 122.62(19) 
C(39)-C(40)-C(41) 108.3(2) 
C(39)-C(40)-H(40A) 125.8 
C(41)-C(40)-H(40A) 125.8 
C(42)-C(41)-C(40) 106.9(2) 
C(42)-C(41)-H(41A) 126.6 
C(40)-C(41)-H(41A) 126.6 
C(41)-C(42)-N(2) 109.4(2) 
C(41)-C(42)-C(44) 129.0(2) 
N(2)-C(42)-C(44) 121.59(18) 
C(39)-C(43)-H(43A) 109.5 
C(39)-C(43)-H(43B) 109.5 
H(43A)-C(43)-H(43B) 109.5 
C(39)-C(43)-H(43C) 109.5 
H(43A)-C(43)-H(43C) 109.5 
H(43B)-C(43)-H(43C) 109.5 
C(42)-C(44)-H(44A) 109.5 
C(42)-C(44)-H(44B) 109.5 
H(44A)-C(44)-H(44B) 109.5 
C(42)-C(44)-H(44C) 109.5 
H(44A)-C(44)-H(44C) 109.5 
H(44B)-C(44)-H(44C) 109.5 
C(46)-C(45)-Mo(1) 143.60(15) 
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C(46)-C(45)-H(45A) 108.2 
Mo(1)-C(45)-H(45A) 108.2 
C(47)-C(46)-C(45) 111.45(16) 
C(47)-C(46)-C(49) 109.37(17) 
C(45)-C(46)-C(49) 111.32(16) 
C(47)-C(46)-C(48) 108.97(17) 
C(45)-C(46)-C(48) 106.18(16) 
C(49)-C(46)-C(48) 109.47(17) 
C(46)-C(47)-H(47A) 109.5 
C(46)-C(47)-H(47B) 109.5 
H(47A)-C(47)-H(47B) 109.5 
C(46)-C(47)-H(47C) 109.5 
H(47A)-C(47)-H(47C) 109.5 
H(47B)-C(47)-H(47C) 109.5 
C(46)-C(48)-H(48A) 109.5 
C(46)-C(48)-H(48B) 109.5 
H(48A)-C(48)-H(48B) 109.5 
C(46)-C(48)-H(48C) 109.5 
H(48A)-C(48)-H(48C) 109.5 
H(48B)-C(48)-H(48C) 109.5 
C(54)-C(49)-C(50) 117.4(2) 
C(54)-C(49)-C(46) 122.98(17) 
C(50)-C(49)-C(46) 119.63(18) 
C(51)-C(50)-C(49) 121.5(2) 
C(51)-C(50)-H(50A) 119.3 
C(49)-C(50)-H(50A) 119.3 
C(50)-C(51)-C(52) 120.3(2) 
C(50)-C(51)-H(51A) 119.8 
C(52)-C(51)-H(51A) 119.8 
C(53)-C(52)-C(51) 119.2(2) 
C(53)-C(52)-H(52A) 120.4 
C(51)-C(52)-H(52A) 120.4 
C(52)-C(53)-C(54) 120.3(2) 
C(52)-C(53)-H(53A) 119.9 
C(54)-C(53)-H(53A) 119.9 
C(49)-C(54)-C(53) 121.33(19) 
C(49)-C(54)-H(54A) 119.3 
C(53)-C(54)-H(54A) 119.3 
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C(56)-C(55)-H(55A) 109.5 
C(56)-C(55)-H(55B) 109.5 
H(55A)-C(55)-H(55B) 109.5 
C(56)-C(55)-H(55C) 109.5 
H(55A)-C(55)-H(55C) 109.5 
H(55B)-C(55)-H(55C) 109.5 
C(57)-C(56)-C(55) 112.6(3) 
C(57)-C(56)-H(56A) 109.1 
C(55)-C(56)-H(56A) 109.1 
C(57)-C(56)-H(56B) 109.1 
C(55)-C(56)-H(56B) 109.1 
H(56A)-C(56)-H(56B) 107.8 
C(56)-C(57)-C(58) 114.4(3) 
C(56)-C(57)-C(58X) 114.2(3) 
C(58)-C(57)-C(58X) 0.2(2) 
C(56)-C(57)-H(57A) 108.7 
C(58)-C(57)-H(57A) 108.7 
C(58X)-C(57)-H(57A) 108.8 
C(56)-C(57)-H(57B) 108.7 
C(58)-C(57)-H(57B) 108.7 
C(58X)-C(57)-H(57B) 108.7 
H(57A)-C(57)-H(57B) 107.6 
C(57)-C(58)-C(59) 116.5(3) 
C(57)-C(58)-H(58A) 108.2 
C(59)-C(58)-H(58A) 108.2 
C(57)-C(58)-H(58B) 108.2 
C(59)-C(58)-H(58B) 108.2 
H(58A)-C(58)-H(58B) 107.3 
C(58)-C(59)-H(59A) 109.5 
C(58)-C(59)-H(59B) 109.5 
H(59A)-C(59)-H(59B) 109.5 
C(58)-C(59)-H(59C) 109.5 
H(59A)-C(59)-H(59C) 109.5 
H(59B)-C(59)-H(59C) 109.5 
C(59X)-C(58X)-C(57) 99.42(17) 
C(59X)-C(58X)-H(58C) 111.9 
C(57)-C(58X)-H(58C) 111.9 
C(59X)-C(58X)-H(58D) 111.9 
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C(57)-C(58X)-H(58D) 111.9 
H(58C)-C(58X)-H(58D) 109.6 
C(58X)-C(59X)-H(59D) 109.5 
C(58X)-C(59X)-H(59E) 109.5 
H(59D)-C(59X)-H(59E) 109.5 
C(58X)-C(59X)-H(59F) 109.5 
H(59D)-C(59X)-H(59F) 109.5 
H(59E)-C(59X)-H(59F) 109.5 
_____________________________________________________________ 
Symmetry transformations used to generate equivalent atoms:  
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Table 4.   Anisotropic displacement parameters (≈2x 103) for R-1.  The anisotropic 
displacement factor exponent takes the form: -2π2[ h2a*2U11 + ... + 2 h k a* b* U12 ] 
______________________________________________________________________________ 
 U11 U22 U33 U23 U13 U12 
______________________________________________________________________________ 
Mo(1) 14(1)  14(1) 16(1)  1(1) 4(1)  0(1) 
Br(1) 18(1)  23(1) 20(1)  0(1) 6(1)  2(1) 
Br(2) 17(1)  52(1) 30(1)  1(1) 5(1)  -12(1) 
Si(1) 25(1)  28(1) 18(1)  1(1) -1(1)  -7(1) 
O(1) 15(1)  16(1) 19(1)  3(1) 4(1)  1(1) 
O(2) 20(1)  25(1) 18(1)  3(1) 2(1)  -5(1) 
C(1) 14(1)  18(1) 16(1)  1(1) 2(1)  -2(1) 
C(2) 14(1)  18(1) 18(1)  0(1) 3(1)  2(1) 
C(3) 19(1)  27(1) 18(1)  2(1) 6(1)  -4(1) 
C(4) 23(1)  21(1) 19(1)  3(1) 2(1)  -4(1) 
C(5) 32(1)  24(1) 27(1)  7(1) 9(1)  -2(1) 
C(6) 29(1)  22(1) 28(1)  10(1) 0(1)  -2(1) 
C(7) 26(1)  19(1) 31(1)  8(1) 2(1)  2(1) 
C(8) 24(1)  21(1) 27(1)  5(1) 5(1)  2(1) 
C(9) 17(1)  19(1) 19(1)  1(1) 1(1)  -3(1) 
C(10) 13(1)  18(1) 17(1)  -2(1) 0(1)  -2(1) 
C(11) 17(1)  13(1) 19(1)  3(1) 5(1)  1(1) 
C(12) 22(1)  16(1) 18(1)  2(1) 2(1)  -2(1) 
C(13) 14(1)  23(1) 27(1)  3(1) 2(1)  -2(1) 
C(14) 22(1)  22(1) 23(1)  1(1) 10(1)  -1(1) 
C(15) 23(1)  16(1) 21(1)  1(1) 6(1)  1(1) 
C(16) 28(1)  29(1) 22(1)  -3(1) 10(1)  -4(1) 
C(17) 28(1)  46(2) 26(1)  -9(1) 5(1)  -1(1) 
C(18) 23(1)  60(2) 26(1)  -11(1) 3(1)  -4(1) 
C(19) 17(1)  39(1) 22(1)  -5(1) 4(1)  -1(1) 
C(20) 16(1)  14(1) 21(1)  2(1) 2(1)  1(1) 
C(21) 74(2)  37(2) 28(1)  -2(1) -1(1)  -25(1) 
C(22) 31(1)  45(2) 28(1)  -13(1) -4(1)  1(1) 
C(23) 24(1)  54(2) 20(1)  5(1) -2(1)  -1(1) 
C(24) 29(1)  136(3) 32(2)  -1(2) -1(1)  18(2) 
C(25) 33(1)  66(2) 24(1)  2(1) -3(1)  -10(1) 
C(26) 73(2)  48(2) 36(2)  17(1) -7(2)  8(2) 
N(1) 17(1)  15(1) 17(1)  0(1) 4(1)  -1(1) 
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C(27) 17(1)  18(1) 17(1)  2(1) 1(1)  -3(1) 
C(28) 17(1)  19(1) 18(1)  0(1) 1(1)  -2(1) 
C(29) 20(1)  30(1) 25(1)  1(1) 7(1)  -5(1) 
C(30) 30(1)  25(1) 24(1)  5(1) 8(1)  -6(1) 
C(31) 29(1)  20(1) 28(1)  5(1) 4(1)  1(1) 
C(32) 21(1)  22(1) 20(1)  1(1) 2(1)  -2(1) 
C(33) 21(1)  21(1) 25(1)  3(1) 6(1)  0(1) 
C(34) 28(1)  26(1) 30(1)  0(1) 7(1)  4(1) 
C(35) 41(1)  45(2) 25(1)  0(1) 2(1)  21(1) 
C(36) 24(1)  21(1) 26(1)  2(1) 6(1)  5(1) 
C(37) 40(1)  29(1) 35(1)  0(1) 11(1)  6(1) 
C(38) 27(1)  34(1) 33(1)  7(1) 5(1)  11(1) 
N(2) 26(1)  19(1) 20(1)  0(1) 9(1)  1(1) 
C(39) 34(1)  22(1) 32(1)  1(1) 18(1)  4(1) 
C(40) 51(2)  35(1) 41(2)  -12(1) 26(1)  -1(1) 
C(41) 52(2)  31(1) 31(1)  -10(1) 13(1)  -10(1) 
C(42) 35(1)  18(1) 24(1)  -3(1) 6(1)  -5(1) 
C(43) 30(1)  35(1) 44(2)  -1(1) 21(1)  6(1) 
C(44) 34(1)  23(1) 32(1)  -5(1) -2(1)  -4(1) 
C(45) 16(1)  17(1) 20(1)  2(1) 6(1)  2(1) 
C(46) 15(1)  22(1) 18(1)  2(1) 2(1)  1(1) 
C(47) 24(1)  29(1) 17(1)  2(1) 2(1)  -5(1) 
C(48) 20(1)  27(1) 26(1)  1(1) 0(1)  5(1) 
C(49) 16(1)  24(1) 18(1)  0(1) 6(1)  0(1) 
C(50) 24(1)  29(1) 24(1)  -1(1) 1(1)  -2(1) 
C(51) 26(1)  36(1) 28(1)  -8(1) 0(1)  -5(1) 
C(52) 26(1)  25(1) 34(1)  -7(1) 6(1)  -6(1) 
C(53) 23(1)  25(1) 31(1)  1(1) 8(1)  2(1) 
C(54) 16(1)  26(1) 21(1)  0(1) 3(1)  1(1) 
C(55) 48(2)  52(2) 87(2)  1(2) 16(2)  3(2) 
C(56) 51(2)  43(2) 71(2)  9(2) 24(2)  3(1) 
C(57) 65(2)  67(2) 58(2)  20(2) 33(2)  14(2) 
C(58) 62(2)  67(2) 44(2)  12(2) 19(1)  11(2) 
C(59) 49(2)  35(2) 41(2)  -3(2) 3(2)  5(2) 
C(58X) 62(2)  67(2) 44(2)  12(2) 19(1)  11(2) 
C(59X) 50(8)  73(10) 51(6)  -14(8) 10(6)  -19(8) 
______________________________________________________________________________
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Table 5.   Hydrogen coordinates ( x 104) and isotropic displacement parameters (≈2x 
103) 
for R-1. 
______________________________________________________________________________
__ 
 x  y  z  U(eq) 
______________________________________________________________________________
__ 
 
H(3A) 6213 5102 775 25 
H(5A) 5004 6601 203 33 
H(5B) 5578 7321 827 33 
H(6A) 3784 8161 314 32 
H(6B) 3014 7079 299 32 
H(7A) 2683 8231 1182 31 
H(7B) 4108 8137 1502 31 
H(8A) 3178 6918 2075 29 
H(8B) 2303 6501 1417 29 
H(14A) 775 4715 3499 26 
H(16A) 2214 5735 4349 31 
H(16B) 2988 4660 4487 31 
H(17A) 3911 6693 4213 40 
H(17B) 4317 6006 4875 40 
H(18A) 5204 4727 4271 44 
H(18B) 5821 5867 4224 44 
H(19A) 5300 4887 3186 31 
H(19B) 4891 6106 3161 31 
H(21A) 1408 2070 1579 71 
H(21B) 607 1811 866 71 
H(21C) 26 2487 1392 71 
H(22A) 3370 2974 968 54 
H(22B) 3138 3964 470 54 
H(22C) 2639 2811 226 54 
H(24A) -1607 4683 -18 100 
H(24B) -1008 4813 749 100 
H(24C) -1391 3660 452 100 
H(25A) -474 3867 -793 63 
H(25B) -186 2825 -344 63 
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H(25C) 911 3479 -563 63 
H(26A) 170 5664 -303 81 
H(26B) 1534 5229 -65 81 
H(26C) 806 5747 461 81 
H(29A) 2658 254 4455 29 
H(30A) 3616 -1392 4664 31 
H(31A) 5364 -1780 4231 31 
H(33A) 3791 2426 3639 26 
H(34A) 3218 2371 4692 41 
H(34B) 1937 1840 4369 41 
H(34C) 2240 3030 4176 41 
H(35A) 2600 1547 2723 56 
H(35B) 1862 2523 2960 56 
H(35C) 1552 1334 3150 56 
H(36A) 6871 -44 3256 28 
H(37A) 5562 -1191 2543 51 
H(37B) 5935 -2154 3049 51 
H(37C) 6936 -1635 2676 51 
H(38A) 7812 -617 4327 47 
H(38B) 8315 -1287 3770 47 
H(38C) 7326 -1800 4155 47 
H(40A) 7597 -340 953 48 
H(41A) 5261 -388 646 45 
H(43A) 9215 419 1943 52 
H(43B) 8677 358 2615 52 
H(43C) 8703 1470 2238 52 
H(44A) 3438 255 1229 46 
H(44B) 3817 1330 1631 46 
H(44C) 3856 222 2018 46 
H(45A) 7751 2827 2797 21 
H(47A) 7762 2197 4742 35 
H(47B) 7099 1384 4191 35 
H(47C) 6506 2525 4269 35 
H(48A) 9671 1972 4266 37 
H(48B) 9651 2241 3502 37 
H(48C) 8967 1203 3700 37 
H(50A) 9446 3419 4857 31 
H(51A) 9990 5152 5161 37 
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H(52A) 9202 6566 4475 33 
H(53A) 7849 6220 3488 31 
H(54A) 7312 4474 3178 26 
H(55A) -1720 6781 1237 93 
H(55B) -2101 7696 1702 93 
H(55C) -1973 6494 1960 93 
H(56A) 171 6560 1958 64 
H(56B) 33 7770 1718 64 
H(57A) -414 7027 2958 73 
H(57B) -588 8234 2717 73 
H(58A) 1723 7163 2963 68 
H(58B) 1283 7960 3477 68 
H(59A) 2708 8804 2920 64 
H(59B) 1418 9405 2754 64 
H(59C) 1820 8613 2222 64 
H(58C) 1787 7217 2929 68 
H(58D) 1537 8477 2819 68 
H(59D) 1933 8075 3944 87 
H(59E) 811 7256 3828 87 
H(59F) 562 8502 3719 87 
______________________________________________________________________________
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Table 6.  Torsion angles [∞] for R-1. 
________________________________________________________________ 
N(1)-Mo(1)-O(1)-C(1) 164.59(17) 
C(45)-Mo(1)-O(1)-C(1) 56.09(18) 
N(2)-Mo(1)-O(1)-C(1) -74.65(19) 
C(21)-Si(1)-O(2)-C(12) 35.7(2) 
C(22)-Si(1)-O(2)-C(12) -84.7(2) 
C(23)-Si(1)-O(2)-C(12) 158.49(19) 
Mo(1)-O(1)-C(1)-C(2) 24.7(3) 
Mo(1)-O(1)-C(1)-C(10) -159.88(14) 
O(1)-C(1)-C(2)-C(3) 174.91(18) 
C(10)-C(1)-C(2)-C(3) -0.7(3) 
O(1)-C(1)-C(2)-Br(1) 1.2(2) 
C(10)-C(1)-C(2)-Br(1) -174.39(14) 
C(1)-C(2)-C(3)-C(4) 0.3(3) 
Br(1)-C(2)-C(3)-C(4) 173.79(15) 
C(2)-C(3)-C(4)-C(9) 1.0(3) 
C(2)-C(3)-C(4)-C(5) -178.41(18) 
C(3)-C(4)-C(5)-C(6) 159.81(19) 
C(9)-C(4)-C(5)-C(6) -19.6(3) 
C(4)-C(5)-C(6)-C(7) 51.1(2) 
C(5)-C(6)-C(7)-C(8) -64.7(2) 
C(6)-C(7)-C(8)-C(9) 43.7(2) 
C(3)-C(4)-C(9)-C(10) -1.9(3) 
C(5)-C(4)-C(9)-C(10) 177.48(19) 
C(3)-C(4)-C(9)-C(8) 180.00(19) 
C(5)-C(4)-C(9)-C(8) -0.6(3) 
C(7)-C(8)-C(9)-C(10) 170.47(18) 
C(7)-C(8)-C(9)-C(4) -11.4(3) 
O(1)-C(1)-C(10)-C(9) -175.90(17) 
C(2)-C(1)-C(10)-C(9) -0.2(3) 
O(1)-C(1)-C(10)-C(11) 2.6(3) 
C(2)-C(1)-C(10)-C(11) 178.29(17) 
C(4)-C(9)-C(10)-C(1) 1.6(3) 
C(8)-C(9)-C(10)-C(1) 179.65(18) 
C(4)-C(9)-C(10)-C(11) -176.96(18) 
C(8)-C(9)-C(10)-C(11) 1.1(3) 
C(1)-C(10)-C(11)-C(12) -101.2(2) 
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C(9)-C(10)-C(11)-C(12) 77.3(2) 
C(1)-C(10)-C(11)-C(20) 81.4(2) 
C(9)-C(10)-C(11)-C(20) -100.0(2) 
Si(1)-O(2)-C(12)-C(13) -91.4(2) 
Si(1)-O(2)-C(12)-C(11) 95.1(2) 
C(20)-C(11)-C(12)-O(2) 171.76(17) 
C(10)-C(11)-C(12)-O(2) -5.6(3) 
C(20)-C(11)-C(12)-C(13) -1.8(3) 
C(10)-C(11)-C(12)-C(13) -179.19(18) 
O(2)-C(12)-C(13)-C(14) -171.65(19) 
C(11)-C(12)-C(13)-C(14) 1.9(3) 
O(2)-C(12)-C(13)-Br(2) 7.2(3) 
C(11)-C(12)-C(13)-Br(2) -179.17(14) 
C(12)-C(13)-C(14)-C(15) -0.2(3) 
Br(2)-C(13)-C(14)-C(15) -179.06(15) 
C(13)-C(14)-C(15)-C(20) -1.7(3) 
C(13)-C(14)-C(15)-C(16) 176.83(19) 
C(14)-C(15)-C(16)-C(17) -159.7(2) 
C(20)-C(15)-C(16)-C(17) 18.7(3) 
C(15)-C(16)-C(17)-C(18) -48.4(3) 
C(16)-C(17)-C(18)-C(19) 61.5(3) 
C(17)-C(18)-C(19)-C(20) -42.3(3) 
C(14)-C(15)-C(20)-C(11) 1.7(3) 
C(16)-C(15)-C(20)-C(11) -176.72(18) 
C(14)-C(15)-C(20)-C(19) 178.44(19) 
C(16)-C(15)-C(20)-C(19) 0.0(3) 
C(12)-C(11)-C(20)-C(15) 0.0(3) 
C(10)-C(11)-C(20)-C(15) 177.32(18) 
C(12)-C(11)-C(20)-C(19) -176.77(18) 
C(10)-C(11)-C(20)-C(19) 0.5(3) 
C(18)-C(19)-C(20)-C(15) 11.6(3) 
C(18)-C(19)-C(20)-C(11) -171.6(2) 
O(2)-Si(1)-C(23)-C(25) 169.83(16) 
C(21)-Si(1)-C(23)-C(25) -70.3(2) 
C(22)-Si(1)-C(23)-C(25) 52.0(2) 
O(2)-Si(1)-C(23)-C(24) -68.7(2) 
C(21)-Si(1)-C(23)-C(24) 51.2(3) 
C(22)-Si(1)-C(23)-C(24) 173.5(2) 
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O(2)-Si(1)-C(23)-C(26) 50.91(19) 
C(21)-Si(1)-C(23)-C(26) 170.77(18) 
C(22)-Si(1)-C(23)-C(26) -66.9(2) 
C(45)-Mo(1)-N(1)-C(27) -106.8(8) 
O(1)-Mo(1)-N(1)-C(27) 138.2(8) 
N(2)-Mo(1)-N(1)-C(27) 3.2(8) 
Mo(1)-N(1)-C(27)-C(32) 32.3(9) 
Mo(1)-N(1)-C(27)-C(28) -147.0(7) 
N(1)-C(27)-C(28)-C(29) 176.47(18) 
C(32)-C(27)-C(28)-C(29) -2.8(3) 
N(1)-C(27)-C(28)-C(33) -0.5(3) 
C(32)-C(27)-C(28)-C(33) -179.83(18) 
C(27)-C(28)-C(29)-C(30) 1.3(3) 
C(33)-C(28)-C(29)-C(30) 178.26(19) 
C(28)-C(29)-C(30)-C(31) 0.7(3) 
C(29)-C(30)-C(31)-C(32) -1.2(3) 
C(30)-C(31)-C(32)-C(27) -0.2(3) 
C(30)-C(31)-C(32)-C(36) -178.6(2) 
N(1)-C(27)-C(32)-C(31) -177.00(18) 
C(28)-C(27)-C(32)-C(31) 2.3(3) 
N(1)-C(27)-C(32)-C(36) 1.3(3) 
C(28)-C(27)-C(32)-C(36) -179.37(18) 
C(29)-C(28)-C(33)-C(34) 34.2(3) 
C(27)-C(28)-C(33)-C(34) -148.89(19) 
C(29)-C(28)-C(33)-C(35) -90.8(2) 
C(27)-C(28)-C(33)-C(35) 86.1(2) 
C(31)-C(32)-C(36)-C(37) 74.8(2) 
C(27)-C(32)-C(36)-C(37) -103.5(2) 
C(31)-C(32)-C(36)-C(38) -49.5(3) 
C(27)-C(32)-C(36)-C(38) 132.2(2) 
N(1)-Mo(1)-N(2)-C(39) -125.3(2) 
C(45)-Mo(1)-N(2)-C(39) -21.3(2) 
O(1)-Mo(1)-N(2)-C(39) 110.32(19) 
N(1)-Mo(1)-N(2)-C(42) 83.91(14) 
C(45)-Mo(1)-N(2)-C(42) -172.11(14) 
O(1)-Mo(1)-N(2)-C(42) -40.49(16) 
C(42)-N(2)-C(39)-C(40) 0.4(2) 
Mo(1)-N(2)-C(39)-C(40) -151.75(18) 
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C(42)-N(2)-C(39)-C(43) -177.7(2) 
Mo(1)-N(2)-C(39)-C(43) 30.1(3) 
N(2)-C(39)-C(40)-C(41) 0.4(3) 
C(43)-C(39)-C(40)-C(41) 178.4(2) 
C(39)-C(40)-C(41)-C(42) -1.2(3) 
C(40)-C(41)-C(42)-N(2) 1.5(3) 
C(40)-C(41)-C(42)-C(44) -178.1(2) 
C(39)-N(2)-C(42)-C(41) -1.2(2) 
Mo(1)-N(2)-C(42)-C(41) 157.41(16) 
C(39)-N(2)-C(42)-C(44) 178.4(2) 
Mo(1)-N(2)-C(42)-C(44) -23.0(2) 
N(1)-Mo(1)-C(45)-C(46) -7.9(2) 
O(1)-Mo(1)-C(45)-C(46) 107.0(2) 
N(2)-Mo(1)-C(45)-C(46) -112.8(2) 
Mo(1)-C(45)-C(46)-C(47) -2.2(3) 
Mo(1)-C(45)-C(46)-C(49) -124.6(2) 
Mo(1)-C(45)-C(46)-C(48) 116.3(2) 
C(47)-C(46)-C(49)-C(54) -114.0(2) 
C(45)-C(46)-C(49)-C(54) 9.6(3) 
C(48)-C(46)-C(49)-C(54) 126.6(2) 
C(47)-C(46)-C(49)-C(50) 65.1(2) 
C(45)-C(46)-C(49)-C(50) -171.33(17) 
C(48)-C(46)-C(49)-C(50) -54.3(2) 
C(54)-C(49)-C(50)-C(51) -0.9(3) 
C(46)-C(49)-C(50)-C(51) 180.0(2) 
C(49)-C(50)-C(51)-C(52) 0.4(3) 
C(50)-C(51)-C(52)-C(53) 0.4(3) 
C(51)-C(52)-C(53)-C(54) -0.6(3) 
C(50)-C(49)-C(54)-C(53) 0.6(3) 
C(46)-C(49)-C(54)-C(53) 179.76(19) 
C(52)-C(53)-C(54)-C(49) 0.1(3) 
C(55)-C(56)-C(57)-C(58) -178.5(3) 
C(55)-C(56)-C(57)-C(58X) -178.5(3) 
C(56)-C(57)-C(58)-C(59) 64.7(5) 
C(58X)-C(57)-C(58)-C(59) 58(66) 
C(56)-C(57)-C(58X)-C(59X) -169.2(2) 
C(58)-C(57)-C(58X)-C(59X) 4(65) 
________________________________________________________________ 
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Symmetry transformations used to generate equivalent atoms:  
 
Reagents: 
d4-Acetic acid (99.93%) was purchased from Cambridge Isotope Laboratories and used 
as received. 
Allyl bromide was purchased from Aldrich and distilled from CaH2 prior to use. 
Allyl ether was purchased from Aldrich and distilled from CaH2 into activated 4 Å 
molecular sieves prior to use. 
d6-Benzene was purchased from Cambridge Isotope Laboratories and distilled from Na 
into activated 4 Å molecular sieves prior to use. 
Benzyl potassium was prepared according to the literature procedure.24 
n-Butyl lithium (15% in hexanes) was purchased from Strem and titrated with s-butanol 
(1,10-phenanthroline as indicator) prior to use. 
Deuterium gas (99.9%) was purchased from Cambridge Isotope Laboratories and used 
as received. 
N,N-Dimethylformamide was purchased from Acros (extra dry with molecular sieves) 
and used as received. 
Lindlar’s catalyst (5% w/w Pd on CaCO3, poisoned with Pb) was purchased from 
Aldrich and used as received. 
Phosphorus tribromide was purchased from Aldrich and used as received. 
Potassium carbonate was purchased from Fisher and used as received. 
Potassium fluoride was purchased from Aldrich and used as received. 
Propargyl bromide (80% w/w solution in toluene) was purchased from Aldrich and used 
as received. 
Quinoline was purchased from Aldrich and distilled from Na2SO4 prior to use. 
 
Olefin metathesis substrates: Triene 3.125 and the triene precursors to 3.8,26 3.9,27 
3.10,27 and 3.1122a,28 were prepared according to reported procedures.  The syntheses of 
                                                            
(24) Schlosser, M.; Hartmann, J.  Angew. Chem., Int. Ed. Engl. 1973, 12, 508-509. 
(25) Dolman, S. J.; Sattely, E. S.; Hoveyda, A. H.; Schrock, R. R. J. Am. Chem. Soc. 2002, 124, 6991-6997. 
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d3-3.1, 3.12, 3.19, and d3-3.19 are outlined below.  Water was removed from olefin 
metathesis substrates by azeotropic distillation with benzene prior to their use in olefin 
metathesis reactions except as follows: the precursor to 3.8 was stirred over CaH2 
followed by vacuum transfer. 
 
 
(Z)-N-(4-(allyloxy)but-2-enyl)-N-(2,6-dimethylhepta-1,6-dien-4-yl)aniline (3.12): A 
250-mL round-bottom flask with stir bar was charged with alcohol C (4.00 g, 31.2 mmol) 
and Et2O (95 mL).  Phosphorus tribromide (3.43 mL, 36.5 mmol) was then added slowly 
over 2 min and the resulting mixture allowed to stir for 2 h at 22 oC.  At this time the 
reaction was allowed to cool to 0 oC and H2O (5 mL) was added very slowly ; the Et2O 
boils rapidly if the reaction is quenched too quickly.  The biphasic solution was diluted 
with H2O (50 mL) and transferred to a separatory funnel.  The organic layer was 
collected and the aqueous layer washed with Et2O (2 x 25 mL).  The combined organic 
layers were washed with saturated aqueous NaHCO3 (50 mL) and a saturated aqueous 
solution of NaCl (50 mL), dried over Na2SO4, filtered, and concentrated in va cuo to 
afford D (5.77 g, 30.2 mmol, 96.8% yield) as a colorless oil.  Allylic bromide D is 
unstable and was used without further purification. 
                                                                                                                                                                                 
(26) Kiely, A. F.; Jernelius, J. A.; Schrock, R. R.; Hoveyda, A. H. J. Am. Chem. Soc . 2002, 124, 2868-
2869. 
(27) Sattely, E. S.; Cortez, G. A.; Moebius, D. C.; Schrock, R. R.; Hoveyda, A. H. J. Am. Chem. Soc. 2005, 
127, 8526-8533. 
(28) (a) Sattely, E. S.; Meek, S. J.; Malcolmson, S. J.; Schrock, R. R.; Hoveyda, A. H. J. Am. Chem. Soc. 
2009, 131, 943-953. (b) Sattely, E. S., Ph. D. Thesis, Chapter 3 (Boston College, 2007).  
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A 50-mL round-bottom flask with stir bar was charged with aniline E25 (1.00 g, 
4.64 mmol) and THF (6 mL).  In an N2 filled glove box, benzyl potassium (605 mg, 4.64 
mmol) was added to the solution of the aniline in one portion and the mixture allowed to 
stir at 22 oC for 10 min.  A separate 25-mL round-bottom flask with stir bar was charged 
with allylic bromide D (1.77 g, 9.28 mmol) and THF (9 mL) and the mixture allowed to 
cool to 0 oC.  The THF solution of the potassium amide was added dropwise over 1 h to 
bromide D by syringe pump; THF (0.5 mL) was used to rinse any remaining potassium 
amide from the syringe and added similarly to the reaction mixture.  The resulting 
mixture was allowed to stir at 0 oC for 1 h, then quenched by addition of H2O (10 mL) 
and transferred to a separatory funnel.  The organic layer was separated and the aqueous 
layer washed with Et2O (3 x 20 mL).  The combined organic layers were washed with 
saturated aqueous NaCl (50 mL), dried over MgSO4, filtered and concentrated in vacuo.  
The resulting residue was purified by silica gel column chromatography (30:1 petroleum 
ether:Et2O) to afford 3.12 (847 mg, 2.72 mmol, 58.6% yield) as a colorless oil.  IR (neat): 
3073 (m), 3024 (w), 2968 (m), 2915 (m), 2850 (m), 1647 (m), 1596 (s), 1501 (s), 1446 
(m), 1394 (m), 1373 (m), 1347 (m), 1213 (m), 1142 (m), 1080 (s), 924 (s), 886 (s), 690 
(s); 1H NMR (400 MHz, C6D6): δ 7.24-7.17 (2H, m), 6.77-6.73 (2H, m), 6.69 (1H, tt, J = 
7.2, 1.2 Hz), 5.98 (1H, ddt, J = 17.2, 10.4, 5.6 Hz), 5.66-5.59 (1H, m), 5.56-5.50 (1H, m), 
5.34 (1H, ddd, J = 17.2, 3.6, 1.6 Hz), 5.24 (1H, ddd, J = 10.4, 3.2, 1.2 Hz), 4.77 (2H, br 
s), 4.73 (2H, br s), 4.23 (1H, quintet, J = 7.2 Hz), 4.15 (2H, dd, J = 6.4, 1.6 Hz), 4.06 
(2H, ddd, 5.6, 1.2, 1.2 Hz), 3.90-3.86 (2H, m), 2.29 (2H, dd, J = 14.4, 7.6 Hz), 2.23 (2H, 
dd, J = 14.4, 6.8 Hz), 1.73 (6H, br s); 13C NMR (100 MHz, CDCl3): δ  148.8, 143.0, 
134.8, 133.5, 129.2, 126.6, 117.2, 116.6, 113.5, 112.7, 71.5, 66.0, 54.7, 41.3, 40.8, 22.5; 
HRMS (ESI+) [M+H]+ calcd for C22H31NO: 326.2484, found: 326.2492. 
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N-allyl-N-isopropylaniline (3.19): A 50-mL round-bottom flask with magnetic stir bar 
was brought into an N2-filled dry box, charged with benzyl potassium (900 mg, 6.91 
mmol), sealed, and brought to the fume hood.  THF (13 mL) was added and the mixture 
allowed to stir.  N-isopropylaniline (1.00 mL, 6.91 mmol) was added dropwise by 
syringe; a light orange color remained.  Allyl bromide (1.80 mL, 20.8 mmol) was added 
dropwise by syringe (caution: the reaction was extremely exothermic and should be 
cooled); LiBr precipitated immediately.  The reaction was allowed to stir for 13 h at 22 
oC at which time it was quenched by the addition of H2O (20 mL).  The mixture was 
washed with Et2O (3 x 25 mL).  The combined organic layers were washed with H2O (2 x 
50 mL) and saturated aqueous NaCl (50 mL), then dried over MgSO4, filtered, and 
concentrated in vacuo  to a lightly yellow oil.  The material was purified by silica gel 
chromatography (50:1 hexanes:Et2O) to afford 3.19 (1.01 g, 5.76 mmol, 83.4% yield) as 
a lightly yellow oil.  IR (neat): 2970 (s), 2929 (w), 2872 (w), 1595 (s), 1572 (w), 1502 
(s), 1464 (m), 1390 (s), 1365 (m), 1348 (m), 1330 (m), 1314 (m), 1300 (m), 1249 (s), 
1187 (s), 1160 (m), 1122 (m), 1087 (w), 1035 (m), 1002 (m), 985 (m), 919 (s), 744 (s), 
691 (s); 1H NMR (400 MHz, CDCl3): δ 7.22-7.18 (2H, m), 6.76-6.72 (2H, m), 6.67 (1H, 
dd, J = 7.2, 7.2 Hz), 5.89 (1H, dddd, J = 17.2, 10.4, 4.4, 4.4 Hz), 5.23 (1H, ddd, J = 17.2, 
1.6, 1.6 Hz), 5.13 (1H, ddd,  J = 10.4, 2.0, 2.0 Hz), 4.13 (1H, septet, J = 6.4 Hz), 3.82-
3.78 (2H, m), 1.18 (6H, d, J = 6.4 Hz); 13C NMR (100 MHz, CDCl3): δ 149.2, 136.9, 
129.2, 116.2, 115.3, 113.1, 48.0, 46.9, 20.0; HRMS (ESI+) [M+H]+ calcd for C12H18N: 
176.1439, found: 176.1432. 
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d3-N-allyl-N-isopropylaniline (d3-3.19):  A 100-mL round-bottom flask with magnetic 
stir bar was charged with N-isopropylaniline (1.00 mL, 6.91 mmol) and DMF (35 mL); 
the mixture was allowed to stir.  K2CO3 (1.43 g, 10.3 mmol) was added quickly in one 
portion; much of the K2CO3 remained undissolved.  Propargyl bromide (1.85 mL, 80% 
w/w in toluene, 20.8 mmol) was added dropwise by syringe.  The reaction vessel was 
fitted with a flame-dried reflux condenser and the mixture heated to 80 °C.  After 20 h, 
the mixture was allowed to cool to 22 °C and was diluted with H2O (50 mL).  The 
mixture was washed with EtOAc (3 x 75 mL).  The combined organic layers were 
washed with H2O (2 x 175 mL) and saturated aqueous NaCl (175 mL), then dried over 
MgSO4, filtered, and concentrated in vacuo to a yellow oil.  The material was purified by 
silica gel chromatography (30:1 hexanes:Et2O) to afford F (1.16 g, 6.69 mmol, 96.9% 
yield) as a yellow oil.  1H NMR (400 MHz, CDCl3): δ 7.30-7.23 (2H, m), 6.94-6.89 (2H, 
m), 6.77 (1H, ddd, J = 7.2, 7.2, 0.8 Hz), 4.11 (1H, septet, J = 6.8 Hz), 3.95 (2H, d, J = 2.4 
Hz), 2.17 (1H, dd, J = 2.4, 2.4 Hz), 1.26 (6H, d, J = 6.4 Hz). 
A 100-mL round-bottom flask with magnetic stir bar was charged with alkyne F 
(1.16 g, 6.69 mmol) and THF (25 mL).  The mixture was allowed to stir and cool to -78 
°C; the mixture was yellow.  n-BuLi (4.70 mL, 1.56 M in hexanes, 7.33 mmol) was 
added dropwise by syringe.  After 15 min, d4-acetic acid (540 mL, 10.0 mmol) was added 
dropwise by syringe; the mixture was allowed to warm to 22 °C.  After 2.5 h, the reaction 
was quenched by the addition of H2O (20 mL).  The mixture was washed with Et2O (3 x 
50 mL).  The combined organic layers were dried over MgSO4, filtered, and concentrated 
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in vacuo  to a yellow oil.  The material was purified by silica gel chromatography (30:1 
hexanes:Et2O) to deliver d1-F (817 mg, 4.69 mmol, 70.1% yield) as a yellow oil.  1H 
NMR (400 MHz) indicated >98% deuterium incorporation.  1H NMR (400 MHz, 
CDCl3): δ 7.30-7.23 (2H, m), 6.94-6.89 (2H, m), 6.77 (1H, dd, J = 7.2 Hz), 4.11 (1H, 
septet, J = 6.8 Hz), 3.95 (2H, s), 1.26 (6H, d, J = 6.8 Hz). 
A 50-mL round-bottom flask with magnetic stir bar was charged with Lindlar’s 
catalyst (5% w/w Pd on CaCO3 poisoned with Pb, 123 mg, 0.0580 mmol), pentane (20 
mL), alkyne d1-F (202 mg, 1.16 mmol), and quinoline (137 mL, 1.16 mmol).  The 
mixture was allowed to stir and the atmosphere was purged with a balloon of D2.  The 
reaction vessel was then fitted with a balloon of D2.  After 10 min at 22 oC, the balloon 
was removed and the reaction vessel was flushed with N2.  The mixture was passed 
through a plug of Celite® (eluted with Et2O) and concentrated in vacuo to a lightly yellow 
oil.  The mixture was purified by silica gel chromatography (70:1 hexanes:Et2O) to afford 
d3-3.19 (35.0 mg, 0.196 mmol, 16.9% yield).29  1H NMR (400 MHz) indicated >98% 
deuterium incorporation.  IR (neat): 3023 (s), 2971 (w), 2928 (w), 1598 (s), 1504 (s), 
1464 (w), 1391 (m), 1365 (w), 1349 (m), 1330 (m), 1314 (m), 1250 (m), 1189 (s), 1160 
(w), 1041 (w), 747 (s), 715 (m), 691 (m); 1H NMR (400 MHz, CDCl3): δ 7.22-7.18 (2H, 
m), 6.76-6.72 (2H, m), 6.67 (1H, ddd, J = 7.2, 7.2, 1.2 Hz), 4.13 (1H, septet, J = 6.8 Hz), 
3.79 (2H, s), 1.18 (6H, d, J = 6.4 Hz); 2H NMR (76.7 MHz, CDCl3): δ 5.39 (1D, br s), 
5.25 (1D, br s), 5.15 (1D, br s); 13C NMR (100 MHz, CDCl3): δ 149.2, 136.4 (t, JC-D = 
23.6 Hz), 129.2, 116.2, 114.7 (dt, JC-D = 47.8, 23.9 Hz), 113.1, 48.0, 46.8, 20.0; HRMS 
(ESI+) [M+H]+ calcd for C121H152H3N: 179.1628, found: 179.1631. 
 
                                                            
(29) For an example of deuterium incorporation into an olefin through Lindlar reduction of an alkyne, see:  
Ridgway, B. H.; Woerpel, K. A. J. Org. Chem. 1998, 63, 458-460.  
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d3-N-allyl-N-(2,6-dimethylhepta-1,6-dien-4-yl)aniline (d3-3.1):  A 25-mL round-
bottom flask with magnetic stir bar was charged with K2CO3 (733 mg, 5.30 mmol) and 
DMF (5 mL); the mixture was allowed to stir.  A solution of aniline E (761 mg, 3.53 
mmol) in DMF (1 mL) was added by cannula (flask containing aniline E was rinsed with 
1 mL DMF and similarly transferred).  Propargyl bromide (1.75 mL, 80% w/w in toluene, 
14.1 mmol) was added dropwise by syringe; the mixture became orange.  The reaction 
vessel was fitted with a flame-dried reflux condenser and the mixture heated to 80 °C.  
After 24 h, the mixture was allowed to cool to 22 °C and was diluted with H2O (10 mL).  
The mixture was washed with EtOAc (4 x 40 mL).  The combined organic layers were 
washed with H2O (125 mL) and saturated aqueous NaCl (125 mL), then dried over 
MgSO4, filtered, and concentrated in vacuo to a yellow oil.  The material was purified by 
silica gel chromatography (100:1 hexanes:Et2O) to afford G (254 mg, 1.00 mmol, 28.3% 
yield) as a yellow oil.  1H NMR (400 MHz, CDCl3): δ 7.35-7.25 (2H, m), 6.98-6.90 (2H, 
m), 6.77 (1H, dd, J = 7.2, 7.2 Hz), 4.79 (4H, apparent s), 4.28 (1H, quintet, J = 7.2 Hz), 
3.97 (2H, d, J = 2.4 Hz), 2.44-2.32 (4H, m), 2.15 (1H, dd, J = 2.4, 2.4 Hz), 1.77 (6H, s). 
A 25-mL round-bottom flask with magnetic stir bar was charged with alkyne G 
(254 mg, 1.00 mmol) and THF (4 mL).  The mixture was allowed to stir and cool to -78 
°C; the mixture was yellow.  n-BuLi (710 mL, 1.56 M in hexanes, 1.11 mmol) was added 
dropwise by syringe; the mixture became orange.  After 20 min, d4-acetic acid (80.0 μL, 
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1.49 mmol) was added dropwise by syringe and the mixture once again became yellow.  
The mixture was allowed to warm to 22 °C.  After 3 h, the reaction was quenched by the 
addition of H2O (10 mL).  The mixture was washed with Et2O (3 x 25 mL).  The 
combined organic layers were washed with H2O (75 mL), dried over MgSO4, filtered, 
and concentrated in va cuo to a yellow oil.  The material was purified by silica gel 
chromatography (70:1 hexanes:Et2O) to deliver dI-G (250. mg, 0.983 mmol, 98.3% yield) 
as a yellow oil. 1H NMR (400 MHz) indicated >98% deuterium incorporation.  1H NMR 
(400 MHz, CDCl3): δ 7.35-7.25 (2H, m), 6.98-6.90 (2H, m), 6.77 (1H, dd, J = 7.2, 7.2 
Hz), 4.79 (4H, apparent s), 4.28 (1H, quintet, J = 7.2 Hz), 3.97 (2H, s), 2.44-2.32 (4H, 
m), 1.77 (6H, s). 
A 50-mL round-bottom flask with magnetic stir bar was charged with Lindlar’s catalyst 
(5% w/w Pd on CaCO3 poisoned with Pb, 102. mg, 0.0480 mmol), pentane (14 mL),  dI-
G (244. mg, 0.959 mmol), and quinoline (115 μL, 0.973 mmol).  The mixture was 
allowed to stir and the atmosphere was purged with a balloon of D2.  The reaction vessel 
was then fitted with a balloon of D2.  After 2 h at 22 oC, the balloon was removed and the 
reaction vessel was flushed with N2.  The mixture was passed through a plug of Celite® 
(eluted with Et2O) and concentrated in vacuo  to give a lightly yellow oil.  The mixture 
was purified by silica gel chromatography (top half of solid phase was 15% w/w AgNO3-
impregnated silica gel, bottom half was silica gel, 1:1 hexanes:Et2O) to afford d3-3.1 
(74.0 mg, 0.286 mmol, 29.8% yield).  1H NMR (400 MHz) indicated >98% deuterium 
incorporation.  IR (neat): 3211 (w), 3072 (w), 2968 (w), 2917 (w), 2852 (w), 1648 (w), 
1597 (s), 1501 (s), 1445 (m), 1393 (m), 1373 (m), 1346 (m), 1321 (m), 1291 (m), 1250 
(m), 1214 (m), 1175 (w), 1147 (m), 1038 (w), 987 (w), 957 (w), 886 (s), 745 (s), 713 (s), 
689 (s); 1H NMR (400 MHz, CDCl3): δ 7.23-7.16 (2H, m), 6.82-6.76 (2H, m), 6.68 (1H, 
dd, J = 7.2, 7.2 Hz), 4.76 (2H, s), 4.73 (2H, s), 4.24 (1H, quintet, J = 7.2 Hz), 3.84 (2H, 
s), 2.30 (2H, dd, JAB = 14.4 Hz, JAX = 7.2 Hz), 2.23 (2H, dd, JAB = 14.4 Hz, JBX = 7.2 Hz), 
1.73 (6H, s); 2H NMR (76.7 MHz, CDCl3): δ 5.83 (1D, br s), 5.22 (1D, br s), 5.13 (1D, br 
s); 13C NMR (100 MHz, CDCl3): δ 149.1, 143.2, 136.4 (t, JC-D = 23.5 Hz), 129.1, 116.6, 
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115.3 (dt, JC-D = 47.5, 23.9 Hz), 113.8, 112.7, 54.8, 46.5, 40.9, 22.6; HRMS (ESI+) 
[M+H]+ calcd for C181H232H3N: 259.2254, found: 259.2257. 
 
 
General Procedure for Catalytic Enantioselective Olefin Metathesis with 
Diastereomerically Pure Mo Complexes S-3.4 or R-3.4: In an N2-filled dry box, a 4-
mL vial equipped with a magnetic stir bar was charged with substrate (10-20 mg).  A 
separate 2-mL vial was charged with isolated Mo complex S-3.4 or R-3.4 (1-5 mol %) 
and then C6H6 (0.1-0.5 M).  The solution of catalyst was transferred to substrate by 
syringe and the resulting solution allowed to stir for the required period of time.  The 
reaction vessel was removed from the dry box and the reaction quenched by the addition 
of benchtop Et2O (ca. 1 mL).  The mixture was concentrated in vacuo  (percent 
conversion determined by 400 MHz 1H NMR analysis).  Purification was performed by 
silica gel chromatography.  The enantiomeric purity of the product of the olefin 
metathesis reaction was determined by GLC or HPLC analysis in comparison with 
authentic racemic material. 
 
(S)-4-methyl-2-(2-methylallyl)-1-phenyl-1,2,3,6-tetrahydropyridine (3.2): Following 
the general procedure, triene 3.1 was subjected to either Mo complex S-3.4 or R-3.4 to 
deliver piperidine 3.2.  The physical and spectral data were identical to those previously 
reported for 3.2.22,25  M.p. = 55-57 oC; 1H NMR (400 MHz, CDCl3): δ 7.26 (2H, dd, J = 
8.8, 8.8 Hz), 6.89 (2H, d, J = 8.8 Hz), 6.77 (1H, dddd, J = 7.2, 7.2, 0.8, 0.8 Hz), 5.54-5.50 
(1H, m), 4.79-4.75 (1H, m), 4.69-4.66 (1H, m), 4.23 (1H, dddd, JABX = 10.0, 5.2, 4.0, 0.8 
Hz), 3.80 (1H, app dt, JABX = 16.8, 1.6 Hz), 3.51 (1H, ddddd, JABX = 16.8, 3.6, 2.4, 2.0, 
2.0 Hz), 2.40 (1H, br d, JAB = 16.8 Hz), 2.21 (1H, dd, JAB = 13.2, 10.6 Hz), 2.07 (1H, dd, 
JABX = 13.6, 4.0 Hz), 2.03 (1H, d, JAB = 17.2 Hz), 1.76 (3H, br s), 1.74 (3H, d, J = 0.8 
Hz); HRMS (ESI+) [M+H]+ calcd for C16H22N: 228.1752, found: 228.1755; 20][ Dα  –169 (c 
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= 0.500, CHCl3) for a sample 96.5:3.5 er [Lit.25,30 20][ Dα  +181 (c = 0.950, CHCl3) for a 
sample 99:1 e.r.].  The enantiomeric purity of 3.2 (96.5:3.5 er) was determined by GLC 
analysis (CDGTA column, 20 psi, 130 °C).  The enantiomer formed in this reaction was 
assigned through inference with that detailed previously.25  The GLC traces for 
enantiopurity of 3.2 versus conversion, from either Mo complex S-3.4 or R-3.4, is 
displayed below.  In some cases, more than one trace is shown for a given entry in Table 
3.1 as small, immeasurable differences in 1H NMR integration had a large impact on 
enantioselectivity.  In those cases, the enantiomer ratio reported in Table 3.1 is an 
average of the GLC data shown below. 
 
                                                            
(30) It should be noted that the 20][ Dα  value reported originally was incorrectly calculated and is a factor of 
ten too small. The literature value given here is the correctly calculated value. 
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entry 4, Table 3.1
96.5:3.5 er
entry 3, Table 3.1
94:6 er
entry 2, Table 3.1
92:8 er
entry 2, Table 3.1
82.5:17.5 er
entry 1, Table 3.1
82:18 er
entry 1, Table 3.1
69.5:30.5 er
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entry 8, Table 3.1
96:4 er
entry 5, Table 3.1
85:15 er
entry 5, Table 3.1
86:14 er
entry 6, Table 3.1
94:6 er
entry 7, Table 3.1
95:5 er
authentic racemic
50:50 er
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Pre-establishing Curtin-Hammett Conditions in an Enantioselective RCM (Scheme 
3.14):  
 
In an N2-filled dry box, a 4-mL vial equipped with a magnetic stir bar was charged with 
aniline 3.1 (10.0 mg, 0.0392 mmol).  A separate 2-mL vial was charged with isolated Mo 
complex S-3.4 (0.90 mg, 0.78 μmol), C6H6 (392 μL) and then diallyl ether (3.8 μL, 0.039 
mmol).  The resulting solution was allowed to stand for 1 min; the solution changed color 
form light orange to dark orange.  The solution of catalyst was transferred to 3.1 by 
syringe and the resulting solution was allowed to stir for 10 seconds.  At that time, the 
reaction was quenched by the addition of benchtop Et2O (~1 mL) and concentrated in 
vacuo.  The unpurified brown solid was dissolved in minimal MeOH (0.5 mL), and KF 
(4.80 mg, 0.0830 mmol, 106 equiv with respect to S-3.4) was added (to desilylate phenol 
B, which has the same Rf as 3.2). The mixture was allowed to stir for 30 min. Silica gel 
was added and the mixture concentrated and purified by silica gel chromatography (50:1 
petroleum ether:Et2O) to afford 3.2 as a white solid. 
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Additional examples of enantioselective RCM with S- and R-3.4: 
(S)-4-methyl-2-(2-methylallyl)-3,6-dihydro-2H-pyran (3.8): Following the general 
procedure, the triene precursor to 3.8 was subjected to either Mo complex S-3.4 or R-3.4 
to deliver pyran 3.8.  The physical and spectral data were identical to those previously 
reported for 3.8.26  1H NMR (400 MHz, CDCl3): δ 5.42-5.39 (1H, br s), 4.83-4.81 (1H, 
m), 4.79-4.76 (1H, m), 4.22-4.08 (2H, m), 3.67 (1H, dddd, J = 9.6, 7.5, 5.7, 3.6 Hz), 2.35 
(1H, dd, J = 14.4, 7.6 Hz), 2.18 (1H, dd, J = 14.4, 6.0 Hz), 2.00-1.90 (1H, m), 1.87-1.79 
(1H, m), 1.77 (3H, s), 1.69 (3H, s); 20][ Dα  = –26.0 (c = 2.05, CHCl3) for a sample of 
78.5:21.5 er.  The enantiomeric purity of 3.8 (78.5:21.5 er) was determined by GLC 
analysis (CDGTA column, 15 psi, 60 °C) in comparison with authentic racemic material. 
Chapter 3 
Page 347 
authentic racemic
50:50 er
2 mol % S-3.4:
78.5:21.5 er
2 mol % R-3.4:
75.5:24.5 er
 
 
(S)-4-methyl-2-(2-methylallyl)-1,2,3,6-tetrahydropyridine (3.9): Following the general 
procedure, the triene precursor to 3.9 was subjected to either Mo complex S-3.4 or R-3.4 
to deliver pyran 3.9.  The physical and spectral data were identical to those previously 
reported for 3.9.27  1H NMR (400 MHz, CDCl3): δ 5.43-5.38 (1H, m), 4.83-4.81 (1H, m), 
4.78-4.76 (1H, m), 3.40-3.28 (2H, m), 2.84 (1H, dddd, JAX = 9.6, 7.6, 6.0, 4.4 Hz), 2.16-
2.11 (2H, m), 1.90-1.62 (3H, m), 1.73 (3H, s), 1.67 (3H, s); 20][ Dα  +71.6 (c = 0.993, 
CHCl3) for a sample of 83.5:16.5 er) [Lit.27,30 20][ Dα  +77.0 (c = 1.00, CHCl3) for a sample 
of 93.5:6.5 er]. The enantiomeric purity of 3.9 (83.5:16.5 er) was determined by acylation 
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to the corresponding amide as previously reported27 and GLC analysis (CDGTA column, 
15 psi, 120 °C) in comparison with authentic racemic material. 
authentic racemic
50:50 er
2.5 mol % R-3.4:
83.5:16.5 er
2.5 mol % S-3.4:
83.5:16.5 er
 
 
(S)-7-methyl-8a-(2-methylallyl)-8,8a-dihydroindolizin-3(1H,2H,5H)-one (3.10): 
Following the general procedure, the triene precursor to 3.10 was subjected to either Mo 
complex S-3.4 or R-3.4 to deliver indolizidone 3.10.  The physical and spectral data were 
identical to those previously reported for 3.10.27  1H NMR (400 MHz, CDCl3): δ 5.41-
5.37 (1H, m), 4.90 (1H, dddd, JABX = 2.0, 1.5, 1.5, 1.5 Hz), 4.73-4.71 (1H, m), 4.32 (1H, 
br d, JAB = 18.4 Hz), 3.43 (1H, d, JAB = 18.4 Hz), 2.49-2.22 (5H, m), 2.14-2.03 (2H, m), 
1.83-1.74 (1H, m), 1.75 (3H, s), 1.70 (3H, s); HRMS (ESI+) [M+H]+ calcd for C13H20NO: 
206.1545, found: 206.1551; 20][ Dα  –109 (c = 0.513, CHCl3) for a sample of 95.5:4.5 er 
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[Lit.27 20][ Dα  +103 (c = 1.00, CHCl3) for a sample of 99:1 er].  The enantiomeric purity of 
2.64 (95.5:4.5 er) was determined by GLC analysis (CDGTA column, 20 psi, 140 °C).  
The enantiomer formed in this reaction was assigned through inference with that detailed 
previously.27 
authentic racemic
50:50 er
5 mol % R-3.4:
95.5:4.5 er
5 mol % S-3.4:
95:5 er
 
 
tetradehydro (+)-quebrachamine (3.11): Following the general procedure, the triene 
precursor to 3.11 was subjected to either Mo complex S-3.4 or R-3.4 to deliver tetracycle 
3.11.  The physical and spectral data were identical to those previously reported for 
3.11.22,28  1H NMR (400 MHz, CDCl3): δ 7.78 (1H, br s), 7.51-7.47 (1H, m), 7.31-7.28 
(1H, m), 7.13-7.05 (2H, m), 5.90 (1H, ddd, J = 9.9, 4.8, 1.5 Hz), 5.61 (1H, dd, JABX = 
17.5, 10.5 Hz), 5.44 (1H, ddd, J = 9.9, 4.0, 2.0 Hz), 4.92 (1H, dd, J = 6.8, 1.3 Hz), 4.88 
(1H, s), 3.73 (1H, ddd, JABX = 14.2, 10.5, 1.5 Hz), 3.32-3.25 (1H, m), 3.13-3.07 (1H, m), 
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2.88-2.82 (1H, m), 2.80-2.64 (4H, m), 2.42-2.33 (2H, m), 2.01-1.86 (2H, m); 20][ Dα  +99.2 
(c = 0.513, CHCl3) for a sample of 98:2 er. The enantiomeric purity of 3.11 (98:2 er) was 
determined by HPLC analysis (Chiralpak OD, 95:5 hexanes:i-PrOH, 1.0 mL/min, 254 
nm. 
authentic racemic
50:50 er
2 mol % R-3.4:
98:2 er
1 mol % S-3.4:
98:2 er
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Enantioselective RCM of tetraene 3.12 (Scheme 3.5): 
 
(S)-4-methyl-2-(2-methylallyl)-1-phenyl-1,2,3,6-tetrahydropyridine (3.2): Following 
the general procedure, substrate 3.12 (7.00 mg, 22.5 μmol) was treated with chiral 
complex S-3.4 (1.3 mg, 1.12 μmol) in C6H6 (225 μL).  The vial was tightly capped and 
the solution allowed to stir for 1 h at 22 oC.  At this time, the reaction vessel was removed 
from the dry box and the reaction quenched by the addition of benchtop Et2O (ca. 1 mL).  
The mixture concentrated in va cuo.  The unpurified brown solid was dissolved in 
minimal MeOH (0.5 mL), and KF (4.80 mg, 0.0830 mmol, 74.1 equiv with respect to S-
3.4) was added (to desilylate the phenol ligand B, which has the same Rf as 3.2). The 
mixture was allowed to stir for 30 min at 22 oC.  Silica gel was added and the mixture 
concentrated in vacuo  and purified by silica gel chromatography (50:1 petroleum 
ether:Et2O) to afford 3.2 (4.3 mg, 19 μmol, 84% yield) as a white solid. The physical and 
spectral data were identical to those previously reported for compound 3.2.25 The 
enantiomeric purity of 3.2 (90:10 er) was determined by GLC analysis (CDGTA column, 
20 psi, 130 °C) in comparison with authentic racemic material. 
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Enantioselective RCM of tetraene 3.12 at 2% conversion (Scheme 3.13): 
N Me
Me
N
Me
Me
O
C6H6, 22 °C, 5 min
N
Mo
O Br
TBSO
Br
N
Ph
Ph Ph
5 mol %
2% conv, 59:41 (S):(R)
3.12 3.2
S-3.4
 
(S)-4-methyl-2-(2-methylallyl)-1-phenyl-1,2,3,6-tetrahydropyridine (3.2): Following 
the general procedure, substrate 3.12 (12.9 mg, 41.4 μmol) was treated with chiral 
complex S-3.4 (2.4 mg, 2.1 μmol) in C6H6 (414 μL).  The vial was tightly capped and the 
solution allowed to stir for 5 min at 22 oC.  At this time, the reaction vessel was removed 
from the dry box and the reaction quenched by the addition of benchtop Et2O (ca. 1 mL).  
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The mixture concentrated in vacuo .  The product was barely visible by 400 MHz 1H 
NMR analysis but was easily visualized by TLC (hexanes:Et2O 50:1, Rf ~0.4, UV – 254 
nm and CAM stain).  The unpurified brown solid was dissolved in minimal MeOH (0.5 
mL), and KF (4.80 mg, 0.0830 μmol, 40.0 equiv with respect to S-3.4) was added (to 
desilylate the phenol B, which has the same Rf as 3.2). The mixture was allowed to stir 
for 30 min at 22 oC.  Silica gel was added and the mixture concentrated in vacuo  and 
purified by silica gel chromatography (50:1 petroleum ether:Et2O) to afford 3.2 as a white 
solid.  The enantiomeric purity of 3.2 (59:41 er) was determined by GLC analysis 
(CDGTA column, 20 psi, 130 °C) in comparison with authentic racemic material. 
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Cross-over experiment for substrate-induced non-productive metathesis (Scheme 
3.9): 
 
 In an N2-filled dry box, a 4-mL vial with stir bar was charged with 3.19 (5.2 mg, 
30 μmol), d3-3.19 (4.5 mg, 25 μmol), and C6H6 (450 μL).  A 4-mL vial was charged with 
S-3.4 (1.2 mg, 1.1 μmol, 0.020 equiv with respect to 3.19 + d3-3.19) and C6H6 (55 μL).  
The catalyst solution was transferred to the reaction mixture by pipet; the vial containing 
the catalyst was rinsed with C6H6 (45 μL) and similarly transferred.  The vial was tightly 
capped and the mixture allowed to stir for 30 min at 22 oC.  The reaction vessel was 
removed from the dry box and the reaction quenched by the addition of benchtop Et2O 
(~0.5 mL).  The mixture was concentrated in vacuo  to a brown oil and dissolved in 
MeOH (~0.5 mL).  KF (19.1 mg, 0.330 μmol, 300 equiv with respect to S-3.4) was added 
in order to desilylate the phenol ligand B.  After standing for 30 min at 22 oC, silica gel 
was added and the mixture concentrated in vacuo  and purified by silica gel 
chromatography (50:1 hexanes:Et2O).  A mixture of 3.19 and d3-3.19 was recovered as a 
colorless oil (6.30 mg, 36.0 μmol, ca. 65.0% recovery).  High resolution mass 
spectroscopic analysis indicated that cross-over to generate d1-3.19 and d2-3.19 had not 
occurred.  HRMS (ESI+) [M+H]+ calcd for C12H18N: 176.1439, found: 176.1437; calcd 
for C121H172H1N: 177.1502, not found; calcd for C121H162H2N: 178.1565, not found; calcd 
for C121H152H3N: 179.1628, found: 179.1624. 
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Cross-over experiment for substrate-induced non-productive metathesis in the 
presence of ethylene: 
N
Ph
N
Ph
D
D
D
MeMe MeMe
+
C6H6, 22 ºC, 30 min
N
Mo
O Br
TBSO
Br
N
Ph
2 mol %
N
Ph
N
Ph
D
D
D
+
MeMe MeMe
S-3.4
3.19 d3-3.19 d1-3.19 d2-3.19
S-3.4 pretreated with 100 mol %
for 1 min
O
 
In an N2-filled dry box, a 2-mL vial with stir bar was charged with 3.19 (6.0 mg, 
34 μmol), d3-3.19 (5.4 mg, 30. μmol), and C6H6 (100 μL).  A 4-mL vial was charged 
with S-3.4 (1.5 mg, 1.3 μmol, 0.020 equiv with respect to 3.19 + d3-3.19) and C6H6 (340 
μL).  Diallyl ether (8.0 μL, 65 μmol, 1.0 equiv with respect to 3.19 + d3-3.19) was added 
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to the catalyst solution by syringe.  The vial was tightly capped and the mixture allowed 
to stir for 1 min at 22 oC.  At that time, the solution of 3.19 + d3-3.19 was transferred to 
the reaction mixture by pipet; the vial containing the catalyst was rinsed with C6H6 (2 x 
100 μL) and similarly transferred.  The vial was tightly capped and the mixture allowed 
to stir for 30 min at 22 oC.  The reaction vessel was removed from the dry box and the 
reaction quenched by the addition of benchtop Et2O (~1 mL).  The mixture was 
concentrated in vacuo to a brown oil and dissolved in MeOH (~0.5 mL).  KF (22.7 mg, 
0.390 μmol, 300 equiv with respect to S-3.4) was added in order to desilylate the phenol 
ligand B.  After standing for 30 min at 22 oC, silica gel was added and the mixture 
concentrated in vacuo and purified by silica gel chromatography (50:1 hexanes:Et2O).  A 
mixture of 3.19, d1-3.19, d2-3.19, and d3-3.19 (unquantifiable ratio) was recovered as a 
colorless oil (8.2 mg, ~46 μmol, ~72% recovery).  High resolution mass spectroscopic 
analysis indicated that cross-over to generate d1-3.19 and d2-3.19 had occurred.  HRMS 
(ESI+) [M+H]+ calcd for C12H18N: 176.1439, found: 176.1434; calcd for C121H172H1N: 
177.1502, found: 177.1497; calcd for C121H162H2N: 178.1565, found: 178.1564; calcd for 
C121H152H3N: 179.1628, found: 179.1634. 
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Cross-over experiment in the enantioselective RCM of 3.1 (Scheme 3.11): 
 
In an N2-filled dry box, a 4-mL vial with stir bar was charged with d3-3.1 (9.8 mg, 
38 μmol) and C6H6 (280 mL).  A 2-mL vial was charged with S-3.4 (0.9 mg, 0.8 μmol) 
and C6H6 (50 μL).  The catalyst solution was transferred to the reaction mixture by pipet; 
the vial containing the catalyst was rinsed with C6H6 (50 μL) and similarly transferred.  
The vial was tightly capped and the mixture allowed to stir for 7 min.  The reaction vessel 
was removed from the dry box and the reaction quenched by the addition of benchtop 
Et2O (~0.5 mL).  The mixture was concentrated in vacuo  to a brown oil.  1H NMR 
analysis (400 MHz) indicated 56% conversion to 3.2 plus remaining 3.1.  The mixture 
was dissolved in MeOH (~0.5 mL) and KF (13.2 mg, 0.228 μmol, 300 equiv with respect 
to S-3.4) was added in order to desilylate the phenol ligand B, which has the same Rf as 
3.2.  After standing for 30 min at 22 oC, silica gel was added and the mixture 
concentrated in vacuo and purified by silica gel chromatography (hexanes to elute 3.1 and 
then 50:1 hexanes:Et2O to elute 3.2).  d1/d3/d5/d7-3.1 (3.3 mg, ~13 μmol, ~34% recovery) 
was obtained as a colorless oil and d1/d3-3.2 (4.4 mg, ~19 μmol, ~50% yield) obtained as 
a white solid.  The spectral data for 3.1 and 3.2 were identical to those detailed 
previously25 except for deuterium incorporation at the relevant sites (see below).  The 
enantiomeric purity of 3.2 (95.5:4.5 e.r.) was determined by GLC analysis (CDGTA 
column, 20 psi, 130 °C) in comparison with authentic racemic material.   
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Chapter Four 
Investigations in the Development of Air-Stable Precursors 
to Stereogenic-at-Mo Olefin Metathesis Catalysts 
4.1 Introduction 
 We have introduced stereogenic-at-Mo complexes as a highly reactive and 
stereoselective class of catalysts for a plethora of stereoselective olefin metathesis 
applications.1  The complexes are prepared and used in s itu through stereoselective 
protonation of a pyrrolide ligand with a chiral phenol (e.g., 4.2) from a Mo bis-pyrrolide 
precursor (Scheme 4.1).  Although this method provides an expedient route to several 
structurally diverse catalysts from common precursors, it has a number of drawbacks, 
principle among them that bis-pyrrolide complexes (e.g., 4.1) are sensitive to air and 
moisture, thus preventing their weighing on the bench. 
 
 Although we have been able to increase the practicality of Mo-catalyzed olefin 
metathesis with monoaryloxide catalysts such as 4.3 (i.e., in situ-generation of catalysts 
and olefin metathesis performed in a fume hood; see Chapter 2), the bis-pyrrolide 
complexes still had to be handled under an inert atmosphere in a dry-box.  A more 
                                                 
(1) (a) Malcolmson, S. J.; Meek, S. J.; Sattely, E. S.; Schrock, R. R.; Hoveyda, A. H. Nature 2008, 456, 
933-937. (b) Sattely, E. S.; Meek, S. J.; Malcolmson, S. J.; Schrock, R. R.; Hoveyda, A. H. J. Am. Chem. 
Soc. 2009, 131, 943-953. (c) Ibrahem, I.; Yu, M.; Schrock, R. R.; Hoveyda, A. H. J. Am. Chem. Soc. 2009, 
131, 3844-3845. (d) Flook, M. M.; Jiang, A. J.; Schrock, R. R.; Müller, P.; Hoveyda, A. H. J. Am. Chem. 
Soc. 2009, 131, 7962-7963. (e) Lee, Y-J.; Schrock, R. R.; Hoveyda, A. H. J. Am. Chem. Soc.  2009, 131, 
10652-10661. (f) Jiang, A. J.; Zhao, Y.; Schrock, R. R.; Hoveyda, A. H. J. Am. Chem. Soc. 2009, 131, 
16630-16631.  For an additional transformation (not stereoselective) catalyzed by this class of complexes, 
see: (g) Marinescu, S. C.; Schrock, R. R; Müller, P.; Hoveyda, A. H. J. Am. Chem. Soc. 2009, 131, 10840-
10841. 
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convenient protocol would permit the user to weigh an air-stable catalyst precursor, along 
with all other reagents, on the benchtop and carry out reactions in a fume hood.  In this 
chapter, we highlight our initial investigations in developing air-stable precursors to 
stereogenic-at-Mo olefin metathesis catalysts. 
4.2 Previous informative studies with N,N-chelating ligands 
 In 1993, the Schrock group noted that the addition of an N,N-chelating ligand, in 
their case 2,2′-bipyridyl (bpy), allowed for the isolation of a typically unstable Mo 
methylidene complex (Scheme 4.2).2  Treatment of catalyst I with ethylene in DME leads 
to Mo complex 4.4, which may be isolated as stable bpy adduct 4.5; isolation of Mo 
methylidene complexes is rare, attesting to the stabilizing attributes of the chelating 
ligand. 
 
 More recently, Fürstner and coworkers have disclosed a phenanthroline adduct of 
a nitrido tris(siloxide) alkyne metathesis catalyst precursor (Scheme 4.3).3  Building on 
previous studies regarding related pyridine complexes,4 the researchers were able to 
prepare octahedral complex 4.6, which is indefinitely stable to air and moisture.  Mo 
alkylidynes (4.7) may then be generated by first treating the phenanthroline complex with 
MnCl2 at elevated temperature (80 °C), thus removing the chelating ligand from Mo, and 
then reacting the tetrahedral nitrido complex with an alkyne, which often is the substrate 
for the catalytic reaction; thus, complex 4.6 can be used to generate an alkyne metathesis 
                                                 
(2) Fox, H. H.; Lee, J-K.; Park, L. Y.; Schrock, R. R. Organometallics 1993, 12, 759-768. 
(3) Heppekausen, J.; Stade, R.; Goddard, R.; Fürstner, A. J. Am. Chem. Soc. 2010, 132, 11045-11057. 
(4) Bindl, M.; Stade, R.; Heilmann, E. K.; Picot, A.; Goddard, R.; Fürstner, A. J. Am. Chem. Soc.  2009, 
131, 9468-9470. 
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catalyst in situ.  Inspired by these reports, we began to examine N,N-chelating ligands to 
stabilize the bis-pyrrolide precursors to our stereogenic-at-Mo catalysts. 
 
4.3 Bipyridyl adduct of an unsubstituted pyrrolide complex 
  We began by investigating the reaction of complex 4.8, bearing two unsubstituted 
pyrrolide ligands, with one equivalent of bpy (Scheme 4.4).  After 1 h at 22 °C, a yellow 
precipitate had formed which was collected by filtration and subsequently found to be 
air-stable (11 h exposed to air in the solid state).  The yellow solid quickly rearranges 
(<10 min) to stereoisomer 4.9 (orange solid that is also air-stable), whose structure has 
been confirmed by X-ray crystallography. 
 
 Furthermore, as shown in Scheme 4.5, on treating bpy complex 4.9 with two 
equivalents of phenol 4.2 (60 °C, 3 h) there is 81% conversion to a 1:5 mixture of 
monoaryloxide 4.105 and its bpy adduct (determined through control experiments).  
Interestingly, the substitution does not require the addition of MnCl2, or other Lewis acid, 
                                                 
(5) The diastereomeric ratio was not determined as the alkylidene signals of the two diastereomers nearly 
overlap and the spectrum is otherwise quite complex. 
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to bind to the bpy, although sequestering the chelating ligand could lead to a higher 
concentration of active catalyst 4.10.  Reaction at 22 °C leads to a significantly slower 
substitution (10% conversion in 2 h with one equivalent 4.2). 
 
 Despite being a mixture of several Mo compounds, the catalyst solution, prepared 
as illustrated in Scheme 4.5, is capable of promoting an efficient ring-closing metathesis 
(RCM).  As illustrated in Scheme 4.6, subjection of aniline 4.11 to monoaryloxide 4.10, 
derived from 2 mol % 4.9 and 4 mol % 4.2, affords piperidine 4.12 in 38% conversion 
(33% yield) and 58:42 er after 30 min.  When catalyst 4.10 is obtained directly from 1 
mol % bis-pyrrolide complex 4.8 and 1 mol % 4.2, there is 54% conv to 4.12 (56.5:43.5 
er) in 30 min.1a,6 
 
4.4 Unexpected formation of Mo alkylidyne complexes and their use as 
monoaryloxide catalyst precursors 
 We next turned our attention to forming air-stable adducts of Mo 
dimethylpyrrolide complexes, which serve as precursors to catalysts that are more 
reactive/longer-living and more stereoselective than their unsubstituted pyrrolide 
                                                 
(6) Chapter 2, Section 2.8. 
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counterparts.  Unexpectedly, when Mo bis-pyrrolide 4.1 was treated with five equivalents 
of bpy, a new purple complex (4.13), which lacks an alkylidene proton  in the 1H NMR 
spectrum (400 MHz), was obtained in 59% yield (Scheme 4.7).  Moreover, when 4.13 is 
subjected to one equivalent of chiral phenol 4.2, alkylidene complex 4.3 is generated as a 
1:1 mixture of diastereomers. 
 
 Subsequently, complex 4.13 was identified by X-ray crystallography as a 
monopyrrolide alkylidyne  bpy adduct (Figure 4.1).  It is likely that steric congestion of 
the hindered octahedral bpy adduct of 4.1 leads to an α-abstraction of the alkylidene 
proton by one of the pyrrolide ligands.  Alkylidyne 4.13 is moderately air-stable in the 
solid state: there is 12-18% decomposition7 within 15 min of exposure to air and 29% 
decomposition within 1 h. 
 
 Enantioselective ring-closure of aniline 4.11 is efficiently catalyzed by complex 
4.3, generated in situ from alkylidyne 4.13 and phenol 4.2: with 2 mol % catalyst, there is 
                                                 
(7) For experimental details, see section 4.9. 
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>98% conversion (86% yield) to 4.12 within 30 min (Scheme 4.8).  The heterocyclic 
product is obtained in 94:6 er, which is similar to the enantioselectivity observed with 
catalyst prepared directly from bis-pyrrolide complex 4.1 (96.5:3.5 er).  The slight 
diminution in selectivity is not due to the presence of free bpy in solution: as shown in 
Scheme 4.8, the addition of 50 mol % bpy to the reaction results in a significant decrease 
in reaction rate (38% conversion in 40 min) but no change in enantioselectivity (94.5:5.5 
er).  It is probable that the excess bpy either sequesters the methylidene complex to a 
significant degree or leads to an increased rate of catalyst decomposition.  Finally, 
attesting to the practicality of having alkylidyne 4.13 as the catalyst precursor, Mo 
monoaryloxide 4.3 need not be formed prior to a ring-closing metathesis reaction.  A 
solution of triene 4.11 may be added to a neat mixture of complex 4.13 and phenol 4.2 
(both solids) and identical results obtained as when the catalyst is pre-generated (Scheme 
4.8). 
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4.5 Effect of structure on air-stability and catalyst synthesis 
 Several related Mo alkylidyne complexes have been prepared (Figure 4.2) and 
tested for air-stability and ease of catalyst synthesis.  Arylimido phenanthroline complex 
4.14 is isolated in 42% yield as a purple solid and shows a moderately increased air-
stability (7% decomposition in 15 min) over bpy complex 4.13; unfortunately, the 
attempted synthesis of stereogenic-at-Mo monoaryloxide catalysts from 4.14 by the 
addition of one equivalent of a phenol8 leads to a complex mixture of products (see 
discussion below).  An adamantylimido phenanthroline-based alkylidyne (4.15) has also 
been prepared (63% yield) from the corresponding bis-pyrrolide complex.  Alkylidyne 
4.15 displays a high degree of air-stability (50% decomposition in 12 h), but, just as with 
arylimido analogue 4.14, formation of a stereogenic-at-Mo complex cannot be achieved.  
Figure 4.2 Biypridyl and phenanthroline Mo akylidyne complexes
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(8) Substitutions with phenol 4.2, 2,3,5,6-tetraphenylphenol, or hexafluoro-tert-butanol have all been 
attempted, but all reactions lead to a complex mixture. 
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Bipyridyl complex 4.16 and electronically modified 4.17 lead to clean formation 
of the monoaryloxide complex with phenol 4.2; it is noteworthy that the formation of the 
stereogenic-at-Mo complex from 4.16 or 4.17 is cleaner than from the corresponding bis-
pyrrolide, where bis-aryloxide is formed and the reaction only proceeds to ca. 70% 
conversion.  Dishearteningly, alkylidynes 4.16 and 4.17 are not stable under an air 
atmosphere – both complexes decompose completely within 5 min. 
Presently, it is not clear what the mechanism of decomposition in air is.  Other 
than the dissociated N,N-chelating ligand in solution, few other byproducts are observed 
by 1H NMR spectroscopy.  It is, however, interesting to note the significant degree to 
which phenanthroline stabilizes an adamantylimido complex better than bpy does 
(compare 4.15 and 4.16), when contrasted with the minimal difference observed with the 
2,6-diisopropylarylimido complexes (compare 4.13 and 4.14).  Phenanthroline is a better 
ligand for Mo than bpy due to increased rigidity; therefore, if the mechanism for 
decomposition involves dissociation of the chelating ligand, the results with 
adamantylimido complexes 4.15 and 4.16 are easily explained.  It is also possible that the 
increased sterics around the metal center, as a result of the sterically bulky 2,6-
diisopropylarylimido ligand, may cause similar rates of dissociation for bpy and 
phenanthroline (Mo complexes 4.13 and 4.14). 
4.6 Investigations regarding substitution of phenanthroline-based complexes 
 One noteworthy aspect of catalyst generation from the alkylidyne complexes is 
the poor reaction observed with phenanthroline-substituted alkylidynes 4.14 and 4.15.  
Although monoaryloxide preparation from bpy complexes 4.13, 4.16, and 4.17 is 
efficient, the reaction with alkylidynes 4.14 or 4.15 delivers a complex mixture, which 
includes only a small amount of the stereogenic-at-Mo catalysts. 
Based on these data, we wondered whether phenanthroline was leading to 
decomposition of the tetrahedral monoaryloxide catalysts.  Therefore, we prepared 
complex 4.3 in situ  from bis-pyrrolide 4.1 and phenol 4.2 and treated the mixture with 
one equivalent of phenanthroline (Scheme 4.9).  Within 2.5 h, a large proportion of 4.3 
had been consumed; alkylidyne 4.14 had been generated and, based on the amount of free 
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phenanthroline compared to 4.14 and remaining 4.3, much of the initial stereogenic-at-
Mo complex had been converted to unobservable species.  It is plausible that the Lewis 
basicity of phenanthroline is able to overcome the steric congestion of complex 4.3 and 
bind to the metal center.  The crowded octahedral complex may then force an α-
abstraction of the alkylidene proton with the aryloxide ligand, generating 4.14, or other 
modes of decomposition may occur.  It is therefore likely that complex 4.3 can be 
prepared from phenanthroline complex 4.14, but that the reaction is reversible and is 
complicated by liberated phenanthroline leading to various decomposition pathways.  
Bipyridyl, which is a poorer ligand for Mo, does not promote this decomposition. 
 
4.7 Current limitations 
 Although we have been able to make large strides in our efforts to develop air-
stable precursors to high oxidation state Mo-based metathesis catalysts, the degree of air-
stability is still not as high as we would like and some of the more stable complexes (i.e., 
4.9, 4.14, and 4.15) do not form the catalysts cleanly.  This is especially problematic for 
adamantylimido-based complexes, since bpy adducts 4.16 and 4.17 do not display any 
air-stability. 
 In attempts to prepare more stable adamantylimido-based complexes that might 
still permit an efficient catalyst synthesis, we screened a handful of N,N chelating 
ligands, arguing that larger ligands might sterically protect the metal from decomposition 
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(Figure 4.3).  Unfortunately, tetramethylbipyridyl, bis(quinoline), and 2-pyridylquinoline 
are too hindered to bind to the metal center of Mo bis-pyrrolide complexes. 
 
 Additionally, there are a number of catalysts that we are unable to prepare 
efficiently (or at all) from bis-dimethylpyrrolide precursors; two such examples, 
regarding sterically bulky phenols, are shown in Figure 4.3.  We thought that the different 
mechanism of catalyst formation from alkylidyne complexes (protonation of the 
alkylidyne ligand versus a pyrrolide) might facilitate the synthesis of sterically 
encumbered monoaryloxide catalysts; however, neither chiral alcohol A nor hindered 
phenol B react with either bpy complex 4.13 or 4.16, even at elevated temperatures (60 
°C) for up to three days. 
4.8 Conclusions and future studies 
 We have demonstrated that the addition of an N,N-chelating ligand to Mo bis-
pyrrolide complexes engenders a great deal of air-stability to the otherwise unstable 
complexes.  With unsubstituted pyrrolide ligands, octahedral complexes (such as 4.9) are 
formed, which may undergo substitution with a chiral phenol to render a metathesis 
active catalyst.  In the case of bis-dimethylpyrrolide complexes, steric crowding at the 
metal on ligand complexation leads to alkylidyne formation through an α-abstraction 
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process.  Five-coordinate alkylidyne complexes are also air-stable and serve as precursors 
to tetrahedral alkylidene metathesis catalysts. 
 This project is in its infancy and there are many different avenues to pursue.  For 
instance, although stereogenic-at-Mo catalysts that bear unsubstituted pyrrolide ligands 
are often poorer than their dimethylpyrrolide analogues, octahedral 4.9, which bears 
unsubstituted pyrrolide ligands and is completely air-stable, might be used to prepare 
achiral catalyst I or diolate complexes, such as X (Scheme 4.10). 
 
 Several other classes of chelating ligands, which offer different steric and 
electronic properties than bipyridyl-type ligands, might also be explored (Scheme 4.10).  
Schiff-base substituted pyridines present interesting opportunities for modularity.  The 
steric and electronic properties of both arenes can be manipulated and aldehyde and 
various ketone precursors are also available.  Oxazolines/oxazoles and related structures 
should be more donating and might provide greater stability than bpy adducts of the Mo 
complexes.  The R-group of the oxazoline could play a significant role in air-stability 
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and/or catalyst formation.  Diamine ligands are also appealing in that they are much more 
donating than any of these other types of chelating structures.  In conjunction with 
varying the identity of the chelating ligand, Lewis acid additives, such as MnCl2, should 
also be examined to increase the efficiency of catalyst formation from the precursor.  
Finally, we have thus far only examined two imido groups in generating air-stable 
complexes, but a number of variations to this ligand find use in catalysts for several 
metathesis applications.  For example, complex 4.18 (Scheme 4.10) would be highly 
desirable as an air-stable to Z-selective cross-metathesis catalysts.  Other imido groups 
should be explored as well. 
4.9 Experimentals 
General:  All reactions were carried out in oven- (135 °C) or flame-dried glassware 
under an inert atmosphere of dry N2 unless otherwise stated.  1H NMR spectra were 
recorded on a Varian Unity INOVA 400 (400 MHz) spectrometer.  Chemical shifts are 
reported in ppm from tetramethylsilane with the solvent resonance resulting from 
incomplete deuteration as the internal reference (CDCl3: δ 7.26, C6D6: δ 7.16).  Data are 
reported as follows: chemical shift, integration, multiplicity (s = singlet, d = doublet, t = 
triplet, br = broad, m = multiplet), and coupling constants (Hz).  Enantiomer ratios were 
determined by GLC analysis (Alltech Associates Chiraldex GTA (30 m x 0.25 mm)) in 
comparison with authentic racemic materials.  X-ray crystallography was performed at 
the Boston College X-ray Crystallographic Laboratory.  Numbers of compounds are 
listed as they appear in the main body of the chapter or the appendices; all other 
compounds are listed alphabetically. 
 
Solvents: Solvents were purged with argon and purified under a positive pressure of dry 
argon by a modified Innovative Technologies purification system: diethyl ether (Fisher) 
and dichloromethane (Fisher) were passed through activated alumina columns; benzene 
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(Aldrich), toluene (Fisher), and pentane9 (Fisher) were passed successively through 
activated Cu and alumina columns. 
Metal-based Complexes:  Mo bis-pyrrolide complexes 4.1,10 4.8,11 and A10 (vide infra) 
were prepared according to published procedures.  The in situ synthesis of 4.3 from bis-
pyrrolide 4.1 was accomplished according to published procedures.1a,12  The syntheses of 
Mo complexes 4.9 and 4.13-4.17 are detailed below.  Apart from air-stability studies (see 
description below), Mo complexes were handled under an atmosphere of N2 in a dry box. 
 
Reagents: 
2,2′-Bipyridyl was purchased from Aldrich and recrystallized from boiling hexanes prior 
to use.13 
4,4′-Dimethoxy-2,2′-bipyridine was purchased from Aldrich and recrystallized from 
boiling hexanes prior to use.13 
Methanol was purchased from Fisher and used as received. 
1,10-Phenanthroline was purchased from Aldrich and recrystallized from boiling 
hexanes prior to use.13 
Phenol 4.2 was prepared according to known procedures.1a,12,13 
Potassium fluoride was purchased from Aldrich and used as received. 
 
Octahedral Mo complex 4.9: In an N2-filled dry box, a 25-mL round-bottom flask 
containing a magnetic stir bar was charged with Mo bis-pyrrolide complex 4.8 (116 mg, 
0.217 mmol), 2,2′-bipyridyl (35.8 mg, 0.229 mmol), Et2O (10 mL), and C6H6 (2 mL); the 
mixture instantly became homogenous and was allowed to stir (solution is a red-orange 
color).  After 1 h, some yellow solids had precipitated.  The mixture was concentrated to 
                                                 
(9) n-Pentane was allowed to stir over concentrated H2SO4 for three days, washed with water, followed by 
a saturated aqueous solution of NaHCO3, dried over MgSO4, and filtered before use in the solvent 
purification system. 
(10) Singh, R.; Czekelius, C.; Schrock, R. R.; Müller, P.; Hoveyda, A. H. Organometallics 2007, 26, 2528-
2539. 
(11) Hock, A. S.; Schrock, R. R.; Hoveyda, A. H. J. Am. Chem. Soc. 2006, 128, 16373-16375. 
(12) See Chapter 2. 
(13) Water was removed by azeotropic distillation with benzene prior to use in reactions. 
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a yellow solid.  Et2O (3 mL) was added and the suspension concentrated (to remove 
residual C6H6).  Et2O (3 mL) was again added and the suspension placed in the freezer (-
40 °C).  After 1 h, the solids were filtered while cold and washed with cold Et2O (10 mL, 
-40 °C).  The solids were dried by pulling the dry box atmosphere through the frit and 
crushing them with a spatula.  A stereoisomer of octahedral complex 4.9 (63.8 mg, 92.2 
μmol, 42.5% yield) was recovered as a yellow solid.  The yellow solid rearranges in C6D6 
to stereoisomer 4.9; at first both isomers were observed in the 1H NMR spectrum and 
eventually only the presumably more stable 4.9.  Thus, the 1H NMR data for octahedral 
4.9 are reported.  1H NMR (400 MHz, C6D6): δ 14.06 (1H, s), 9.03-8.95 (2H, m), 7.81-
7.76 (2H, m), 7.37-7.32 (2H, m), 7.18-7.12 (3H, m), 7.06 (1H, dd, J = 8.8, 6.8 Hz), 6.92-
6.88 (1H, m), 6.88-6.82 (1H, m), 6.60 (1H, d, J = 8.0 Hz), 6.42 (1H, dt, J = 7.6, 1.6 Hz), 
6.30 (4H, t, J = 2.0 Hz), 6.25 (1H, ddd, J = 7.2, 5.2, 1.6 Hz), 6.23 (4H, t, J = 2.0 Hz), 6.11 
(1H, ddd, J = 7.6, 5.2, 1.2 Hz), 4.01 (2H, septuplet, J = 6.8 Hz), 2.18 (6H, s), 1.29 (6H, d, 
J = 6.8 Hz), 1.25 (6H, d, J = 6.8 Hz).  X-ray quality crystals were obtained by 
crystallization from 1:1 CH2Cl2:n-pentane at -45 °C. 
 
2,6-Diisopropylarylimdo bpy alkylidyne complex 4.13: In an N2-filled dry box, a 10-
mL round-bottom flask containing a magnetic stir bar was charged with Mo bis-pyrrolide 
complex 4.1 (120. mg, 0.203 mmol), 2,2′-bipyridyl (158 mg, 1.01 mmol), and Et2O (2 
mL).  The mixture was allowed to stir and after 2 h was diluted with n-pentane (7 mL) 
and placed in the freezer (-50 °C).  After 18 h, the purple solids were filtered and washed 
with n-pentane (22 °C).  The solids were dried by pulling the dry box atmosphere through 
the frit and crushing them with a spatula.  Alkylidyne 4.13 (78.5 mg, 0.120 mmol, 59.1% 
yield) was recovered as a purple solid.  1H NMR (400 MHz, C6D6): δ 8.13 (1H, d, J = 5.2 
Hz), 7.36 (2H, d, J = 7.6 Hz), 7.18-7.07 (3H, m), 7.01-6.98 (2H, m), 6.80-6.65 (7H, m), 
6.51-6.47 (1H, m), 6.44 (1H, ddd, J = 6.8, 5.2, 1.2 Hz), 6.18 (1H, ddd, J = 7.2, 5.6, 1.6 
Hz), 4.36 (2H, septuplet, J = 6.8 Hz), 3.18 (3H, s), 2.60 (3H, s), 1.76 (3H, s), 1.41 (6H, d, 
J = 6.8 Hz), 1.33 (3H, s), 1.16 (6H, d, J = 7.2 Hz).  X-ray quality crystals were obtained 
by crystallization from 1:7 CH2Cl2:n-pentane at -45 °C. 
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2,6-Diisopropylarylimdo phenanthroline alkylidyne complex 4.14: In an N2-filled dry 
box, a 10-mL round-bottom flask containing a magnetic stir bar was charged with Mo 
bis-pyrrolide complex 4.1 (59.2 mg, 0.100 mmol), 1,10-phenanthroline (18.0 mg, 0.100 
mmol), and Et2O (1 mL); the mixture was allowed to stir.  After 40 h, the mixture was 
concentrated.  The purple solids were dissolved in minimal CH2Cl2 (1 mL) and diluted 
with n-pentane (7 mL); the mixture was placed in the freezer (-50 °C).  The purple solids 
were then filtered and washed with n-pentane (22 °C).  The solids were dried by pulling 
the dry box atmosphere through the frit and crushing them with a spatula.  Alkylidyne 
4.14 (28.7 mg, 42.4 μmol, 42.4% yield) was recovered as a purple solid.  1H NMR (400 
MHz, C6D6): δ 8.36 (1H, dd, J = 5.2, 1.6 Hz), 7.45-7.36 (3H, m), 7.21-7.08 (4H, m), 
6.92-6.85 (2H, m), 6.83-6.76 (2H, m), 6.70 (1H, dd, J = 8.0, 5.2 Hz), 6.62 (1H, dt, J = 
7.2, 1.2 Hz), 6.56-6.51 (2H, m), 6.47-6.42 (2H, m), 4.42 (2H, septuplet, J = 6.8 Hz), 3.25 
(3H, s), 2.65 (3H, s), 1.79 (3H, s), 1.42 (6H, d, J = 6.8 Hz), 1.21 (6H, d, J = 6.8 Hz), 1.21 
(3H, s).  X-ray quality crystals were obtained by crystallization from 1:7 CH2Cl2:n-
pentane at -45 °C. 
 
 
 
Adamantylimido phenanthroline alkylidyne complex 4.15: In an N2-filled dry box, an 
8-mL vial containing a magnetic stir bar was charged with Mo bis-pyrrolide complex A 
(45.0 mg, 79.5 μmol), 1,10-phenanthroline (21.5 mg, 0.119 mmol), and n-pentane (4 
mL).  The mixture was allowed to stir for 24 h at which time the brown solids that had 
precipitated were filtered.  The solids were recrystallized by layering n-pentane on top of  
CH2Cl2 at 22 °C (slow diffusion); the precipitate was filtered and the solids dried by 
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pulling the dry box atmosphere through the frit and crushing them with a spatula.  
Alkylidyne 4.15 (35.1 mg, 47.1 μmol, 59.2% yield) was recovered as black X-ray quality 
crystals.  1H NMR (400 MHz, C6D6): δ 9.09 (1H, d, J = 5.2 Hz), 9.02 (1H, br s), 7.24 
(1H, d, J = 4.8 Hz), 7.20-7.09 (3H, m), 6.97-6.88 (2H, m), 6.85-6.68 (5H, m), 6.61 (1H, 
br s), 6.46 (1H, dd, J = 8.0, 5.6 Hz), 3.16 (3H, s), 2.75 (3H, s), 2.37 (5H, br s), 2.21 (4H, 
br s), 1.97 (3H, s), 1.81 (3H, d, JAB = 12.8 Hz), 1.72 (3H, d, JAB = 12.4 Hz), 1.57 (3H, s). 
 
Adamantylimido bpy alkylidyne complex 4.16: In an N2-filled dry box, a 50-mL pear-
shaped flask containing a magnetic stir bar was charged with Mo bis-pyrrolide complex 
A (100. mg, 0.177 mmol), 2,2′-bipyridyl (138 mg, 0.884 mmol), and Et2O (8.8 mL); the 
mixture was allowed to stir for 1 h.  At that time, the mixture was concentrated to a 
black/blue solid, which was redissolved in a minimal amount of Et2O (5 mL).  n-Pentane 
was added until solids began to precipitate (ca. 5 mL).  The mixture was placed in the 
freezer (-35 °C) for 1 h.  The solids were then filtered and washed with n-pentane (22 
°C).  The solids were then dried by pulling the dry box atmosphere through the frit and 
crushing them with a spatula.  Alkylidyne 4.16 (56.0 mg, 77.6 μmol, 43.8% yield) was 
recovered as a blue/purple solid.  1H NMR (400 MHz, C6D6): δ 8.94 (1H, dd, J = 5.6, 0.8 
Hz), 8.60 (1H, br s), 7.32-7.27 (2H, m), 7.00-6.95 (1H, m), 6.92-6.87 (2H, m), 6.86-6.81 
(1H, m), 6.76-6.62 (3H, m), 6.57-6.50 (2H, m), 6.16 (1H, ddd, J = 7.2, 5.6, 1.2 Hz), 3.05 
(3H, s), 2.71 (3H, s), 2.31 (5H, br s), 2.18 (4H, br s), 1.92 (3H, s), 1.78 (3H, d, JAB = 10.8 
Hz), 1.70 (3H, d, JAB = 10.8 Hz), 1.67 (3H, s). 
 
Adamantylimido (p-OMe)bpy alkylidyne complex 4.17: In an N2-filled dry box, an 8-
mL vial containing a magnetic stir bar was charged with Mo bis-pyrrolide complex A 
(50.0 mg, 88.4 μmol), 4,4′-dimethoxy-2,2′-bipyridine (19.1 mg, 88.4 μmol), and Et2O 
(4.4 mL); the mixture was allowed to stir.  (N.B. 4,4′-Dimethoxy-2,2′-bipyridine is not 
very soluble in Et2O, but over the course of 36 h, the reaction takes place as indicated by 
the complete dissolution of the chelating ligand.)  The mixture was transferred to a 50-
mL pear-shaped flask.  The reaction was then concentrated to dryness; n-pentane (2 x 10 
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mL) was added and the suspension concentrated to dryness (to removed residual Et2O).  
The solids were recrystallized by layering n-pentane (10 mL) on top of  CH2Cl2 (1 mL) at 
22 °C (slow diffusion); the precipitate was filtered and the solids washed with n-pentane 
(2 x 5 mL).  The solids were then dried by pulling the dry box atmosphere through the frit 
and crushing them with a spatula.  Alkylidyne 4.17 (47.7 mg, 69.5 μmol, 78.6% yield) 
was recovered as a blue/purple solid.  1H NMR (400 MHz, C6D6): δ 8.76 (1H, d, J = 6.4 
Hz), 7.51-7.47 (2H, m), 7.01-6.95 (2H, m), 6.95-6.89 (1H, m), 6.82 (1H, d, J = 2.4 Hz), 
6.78 (1H, d, J = 6.4 Hz), 6.74 (1H, dd, J = 2.4, 0.4 Hz), 6.71 (1H, d, J = 2.4 Hz), 6.60 
(1H, dd, J = 2.8, 0.8 Hz), 5.98 (1H, dd, J = 6.4, 2.8 Hz), 5.80 (1H, dd, J = 6.4, 2.8 Hz), 
3.11 (3H, s), 2.94 (3H, s), 2.87 (3H, s), 2.86 (3H, s), 2.37 (6H, br s), 2.23 (3H, br s), 1.99 
(3H, s), 1.84 (3H, d, JAB = 11.2 Hz), 1.80 (3H, s), 1.73 (3H, d, JAB = 12.4 Hz). 
 
Representative procedure for testing air-stability of Mo-based complexes: In an N2-
filled dry box, a 4-mL vial was charged with a Mo complex (3-5 mg).  The vial with 
compound was removed from the dry box and exposed to air for a length of time.  The 
vial containing the Mo complex was then reintroduced to the dry box and an NMR 
sample prepared in C6D6.  The percent decomposition was then determined by 400 MHz 
1H NMR spectroscopy by comparing the amount of free chelating ligand in solution to 
the remaining Mo complex. 
 
Stereogenic-at-Mo catalyst formation from octahedral complex 4.9: In an N2-filled 
dry box, a 4-mL vial containing a magnetic stir bar was charged with complex 4.9 (5.2 
mg, 7.5 μmol), phenol 4.2 (8.5 mg, 0.015 mmol), and C6D6 (500 μL).  The mixture was 
allowed to stir at 60 °C for 2 h at which time 1H NMR spectroscopy was performed.  The 
spectrum indicated 81% conversion to products based on 4.9: the products were a 1:5 
mixture of alkylidene 4.10 (alkylidene signal at 12.90 ppm) and its bpy adduct 
(alkylidene signal at 13.38 ppm).14 
 
                                                 
(14) The identity of the bpy adduct was determined by treating bona fide 4.10 with one equivalent of bpy. 
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Representative procedure for stereogenic-at-Mo catalyst formation from bpy 
alkylidyne complexes: In an N2-filled dry box, a 4-mL vial containing a magnetic stir 
bar was charged with the alkylidyne complex (3-5 mg), phenol 4.2 (1 equiv with respect 
to the Mo complex), and benzene (concentration of catalyst = 0.02 M).  The mixture was 
allowed to stir for the required period of time (15-90 min) and then used in catalytic 
olefin metathesis reactions.  Alkylidene diastereomers of the stereogenic-at-Mo catalysts 
were obtained in ca. 1:1 dr. 
 
Enantioselective RCM from air-stable precursor 4.9: In an N2-filled dry box, a 4-mL 
vial containing a magnetic stir bar was charged with octahedral Mo complex 4.9 (2.0 mg, 
2.9 μmol), phenol 4.2 (3.2 mg, 5.8 μmol), and C6H6 (140 μL).  The mixture was allowed 
to stir for 3 h at 60 °C.  A separate 4-mL vial containing a magnetic stir bar was charged 
with triene 4.1115 (17.4 mg, 68.0 μmol) and C6H6 (280 μL).  A portion (65 μL, 0.021 M, 
1.4 μmol) of the 22 °C catalyst solution, prepared as described above, was then added by 
syringe.  The mixture was allowed to stir for 30 min at which time the reaction was 
quenched by exposure to air and concentrated.  The unpurified brown oil was dissolved 
in minimal MeOH (0.5 mL), and KF (15.2 mg, 0.262 mmol) was added (to desilylate 
phenol 4.2, which has the same Rf as 4.12).  The mixture was allowed to stir for 30 min.  
Silica gel was added and the mixture concentrated and purified by silica gel 
chromatography (100% hexanes to 50:1 hexanes:Et2O) to afford 4.12 (5.1 mg, 22 μmol, 
33% yield) as a white solid. The physical and spectral data were identical to those 
previously reported for compound 4.12.15  1H NMR (400 MHz, CDCl3): δ 7.26 (2H, dd, J 
= 8.8, 8.8 Hz), 6.89 (2H, d, J = 8.8 Hz), 6.77 (1H, dddd, J = 7.2, 7.2, 0.8, 0.8 Hz), 5.54-
5.50 (1H, m), 4.79-4.75 (1H, m), 4.69-4.66 (1H, m), 4.23 (1H, dddd, JABX = 10.0, 5.2, 4.0, 
0.8 Hz), 3.80 (1H, app dt, JABX = 16.8, 1.6 Hz), 3.51 (1H, ddddd, JABX = 16.8, 3.6, 2.4, 
2.0, 2.0 Hz), 2.40 (1H, br d, JAB = 16.8 Hz), 2.21 (1H, dd, JAB = 13.2, 10.6 Hz), 2.07 (1H, 
dd, JABX = 13.6, 4.0 Hz), 2.03 (1H, d, JAB = 17.2 Hz), 1.76 (3H, br s), 1.74 (3H, d, J = 0.8 
                                                 
(15) Prepared according to published procedures; see: Dolman, S. J.; Sattely, E. S.; Hoveyda, A. H.; 
Schrock, R. R. J. Am. Chem. Soc. 2002, 124, 6991-6997. 
Chapter 4 
Page 387  
Hz).  The enantiomeric purity of 4.12 (58:42 er) was determined by GLC analysis 
(CDGTA column, 20 psi, 130 °C).  The enantiomer formed in this reaction was assigned 
through inference with that detailed previously.15  For the authentic racemic trace, see 
Chapter 3. 
 
 
Enantioselective RCM from air-stable alkylidyne precursor 4.13: In an N2-filled dry 
box, a 4-mL vial containing a magnetic stir bar was charged with triene 4.11 (20.9 mg, 
81.8 μmol) and C6H6 (340 μL).  2 mol % of stereogenic-at-Mo catalyst 4.3 (82 μL, 0.020 
M, 1.6 μmol), prepared from alkylidyne 4.13 and phenol 4.2 as detailed above, was 
added by syringe and the mixture allowed to stir.  After 30 min, the reaction was 
quenched by exposure to air and concentrated.  The unpurified brown solid was dissolved 
in minimal MeOH (0.5 mL), and KF (9.5 mg, 0.16 mmol) was added (to desilylate 
phenol 4.2, which has the same Rf as 4.12).  The mixture was allowed to stir for 30 min.  
Silica gel was added and the mixture concentrated and purified by silica gel 
chromatography (50:1 hexanes:Et2O) to afford 4.12 (16.1 mg, 70.8 μmol, 86.6% yield) as 
a white solid.  The enantiomeric purity of 4.12 (94:6 er) was determined by GLC analysis 
(CDGTA column, 20 psi, 130 °C).  For the authentic racemic trace, see Chapter 3. 
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Enantioselective RCM in the presence of excess bpy: In an N2-filled dry box, a 4-mL 
vial containing a magnetic stir bar was charged with triene 4.11 (20.2 mg, 79.1 μmol), 
2,2′-bipyridyl (6.2 mg, 40 μmol), and C6H6 (320 μL).  2 mol % of stereogenic-at-Mo 
catalyst 4.3 (79 μL, 0.020 M, 1.6 μmol), prepared from alkylidyne 4.13 and phenol 4.2 as 
detailed above, was added by syringe and the mixture allowed to stir.  After 40 min, the 
reaction was quenched by exposure to air and concentrated.  The unpurified brown oil 
was dissolved in minimal MeOH (0.5 mL), and KF (9.2 mg, 0.16 mmol) was added (to 
desilylate phenol 4.2, which has the same Rf as 4.12).  The mixture was allowed to stir for 
30 min.  Silica gel was added and the mixture concentrated and purified by silica gel 
chromatography (100% hexanes to 50:1 hexanes:Et2O) to afford 4.12 (6.1 mg, 27 μmol, 
34% yield) as a white solid.  The enantiomeric purity of 4.12 (94.5:5.5 er) was 
determined by GLC analysis (CDGTA column, 20 psi, 130 °C).  For the authentic 
racemic trace, see Chapter 3. 
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Enantioselective RCM without performing the stereogenic-at-Mo catalyst from 
alkylidyne 4.13: In an N2-filled dry box, a 4-mL vial containing a magnetic stir bar was 
charged with alkylidyne 4.13 (0.80 mg, 1.2 μmol) and phenol 4.2 (0.70 mg, 1.2 μmol).  A 
separate 4-mL vial was charge with triene 4.11 (15.8 mg, 61.9 μmol) and C6H6 (200 μL).  
The solution of 4.11 was transferred by pipet to the reaction vessel; the vial containing 
triene 4.11 was rinsed with C6H6 (100 μL), which was similarly transferred.  The mixture 
was allowed to stir for 1 h.  At that time, the reaction was quenched by exposure to air 
and concentrated.  The unpurified brown solid was dissolved in minimal MeOH (0.5 
mL), and KF (7.1 mg, 0.12 mmol) was added (to desilylate phenol 4.2, which has the 
same Rf as 4.12).  The mixture was allowed to stir for 30 min.  Silica gel was added and 
the mixture concentrated and purified by silica gel chromatography (50:1 hexanes:Et2O) 
to afford 4.12 (12.3 mg, 54.1 μmol, 87.4% yield) as a white solid.  The enantiomeric 
purity of 4.12 (93.5:6.5 er) was determined by GLC analysis (CDGTA column, 20 psi, 
130 °C).  For the authentic racemic trace, see Chapter 3. 
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Crystal structure data for octahedral Mo complex 4.9: 
 
  Table 1.  Crystal data and structure refinement for sad. 
Identification code  (C40H45MoN5)(CH2Cl2) 
Empirical formula  C41 H47 Cl2 Mo N5 
Formula weight  776.68 
Temperature  130(2) K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  C2/c 
Unit cell dimensions a = 15.8436(8) Å α= 90°. 
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 b = 14.1814(7) Å β= 94.318(3)°. 
 c = 34.0620(16) Å γ = 90°. 
Volume 7631.5(6) Å3 
Z 8 
Density (calculated) 1.352 Mg/m3 
Absorption coefficient 0.519 mm-1 
F(000) 3232 
Crystal size 0.04 x 0.03 x 0.02 mm3 
Theta range for data collection 1.93 to 26.00°. 
Index ranges -19<=h<=19, -17<=k<=17, -41<=l<=40 
Reflections collected 71876 
Independent reflections 7486 [R(int) = 0.1135] 
Completeness to theta = 26.00° 99.9 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.9897 and 0.9795 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 7486 / 67 / 489 
Goodness-of-fit on F2 1.007 
Final R indices [I>2sigma(I)] R1 = 0.0416, wR2 = 0.0775 
R indices (all data) R1 = 0.0759, wR2 = 0.0888 
Extinction coefficient na 
Largest diff. peak and hole 0.410 and -0.496 e.Å-3 
Chapter 4 
Page 392  
 Table 2.  Atomic coordinates  ( x 104) and equivalent  isotropic displacement parameters (Å2x 103) 
for sad.  U(eq) is defined as one third of  the trace of the orthogonalized Uij tensor. 
________________________________________________________________________________  
 x y z U(eq) 
________________________________________________________________________________   
Mo(1) 1765(1) 7877(1) 1428(1) 23(1) 
N(1) 1741(2) 6790(2) 1940(1) 34(1) 
N(2) 1430(2) 8624(2) 2013(1) 36(1) 
N(3) 2045(1) 7040(2) 1091(1) 24(1) 
N(4) 2985(2) 8299(2) 1675(1) 40(1) 
N(5) 427(2) 7648(2) 1421(1) 27(1) 
C(1) 1896(2) 5873(3) 1886(1) 44(1) 
C(2) 1734(3) 5184(3) 2154(1) 58(1) 
C(3) 1384(3) 5449(3) 2492(1) 70(1) 
C(4) 1220(3) 6387(3) 2553(1) 59(1) 
C(5) 1412(2) 7047(3) 2275(1) 39(1) 
C(6) 1291(2) 8074(3) 2326(1) 40(1) 
C(7) 1075(2) 8460(3) 2680(1) 55(1) 
C(8) 1010(3) 9420(4) 2712(1) 70(2) 
C(9) 1163(3) 9977(3) 2400(1) 68(1) 
C(10) 1371(2) 9553(3) 2053(1) 50(1) 
C(11) 1616(2) 8941(2) 1075(1) 29(1) 
C(12) 1609(2) 9141(2) 632(1) 29(1) 
C(13) 746(2) 8826(3) 442(1) 51(1) 
C(14) 2284(3) 8571(3) 440(1) 56(1) 
C(15) 1754(2) 10189(2) 565(1) 30(1) 
C(16) 1066(7) 10707(7) 369(3) 28(1) 
C(17) 1151(6) 11634(6) 283(3) 39(2) 
C(18) 1855(8) 12126(8) 408(4) 43(2) 
C(19) 2508(6) 11660(6) 625(3) 44(2) 
C(20) 2394(6) 10704(6) 712(3) 45(2) 
C(16X) 1223(8) 10855(8) 455(4) 45(2) 
C(17X) 1422(7) 11798(7) 390(3) 44(2) 
C(18X) 2237(7) 12069(8) 466(3) 43(2) 
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C(19X) 2883(5) 11407(6) 543(2) 39(2) 
C(20X) 2663(5) 10478(5) 595(2) 28(1) 
C(21) 2289(2) 6269(2) 870(1) 32(1) 
C(22) 1675(3) 5747(2) 647(1) 40(1) 
C(23) 1953(3) 4965(3) 438(1) 61(1) 
C(24) 2789(4) 4725(3) 448(2) 77(2) 
C(25) 3378(3) 5257(3) 663(2) 69(1) 
C(26) 3164(2) 6041(2) 880(1) 46(1) 
C(27) 750(3) 6000(2) 620(1) 46(1) 
C(28) 203(3) 5200(3) 771(1) 57(1) 
C(29) 452(4) 6262(3) 192(1) 79(2) 
C(30) 3827(2) 6630(3) 1096(1) 50(1) 
C(31) 4312(2) 7209(3) 808(1) 66(1) 
C(32) 4452(3) 6042(4) 1363(2) 91(2) 
C(33) 3494(2) 8982(3) 1529(1) 46(1) 
C(34) 4281(2) 8963(4) 1723(1) 64(1) 
C(35) 4267(2) 8272(4) 2002(1) 71(2) 
C(36) 3471(2) 7869(4) 1971(1) 64(1) 
C(37) 1(2) 6835(2) 1499(1) 35(1) 
C(38) -850(2) 6956(3) 1433(1) 42(1) 
C(39) -975(2) 7887(3) 1307(1) 45(1) 
C(40) -190(2) 8288(2) 1303(1) 35(1) 
C(1S) 3705(9) 7564(8) 3519(3) 47(4) 
Cl(1) 3312(8) 7335(8) 3052(3) 72(2) 
Cl(2) 3313(7) 8620(8) 3683(5) 94(4) 
C(1SX) 3250(11) 7376(6) 3577(3) 62(4) 
Cl(1X) 3080(6) 7123(7) 3111(2) 76(2) 
Cl(2X) 3328(4) 8545(6) 3738(3) 49(1) 
________________________________________________________________________________ 
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 Table 3.   Bond lengths [Å] and angles [°] for  sad. 
_____________________________________________________  
Mo(1)-N(3)  1.730(2) 
Mo(1)-C(11)  1.932(3) 
Mo(1)-N(4)  2.135(3) 
Mo(1)-N(5)  2.143(2) 
Mo(1)-N(1)  2.330(3) 
Mo(1)-N(2)  2.354(3) 
N(1)-C(1)  1.338(4) 
N(1)-C(5)  1.342(4) 
N(2)-C(10)  1.329(5) 
N(2)-C(6)  1.354(4) 
N(3)-C(21)  1.400(4) 
N(4)-C(36)  1.365(5) 
N(4)-C(33)  1.378(4) 
N(5)-C(37)  1.371(4) 
N(5)-C(40)  1.373(4) 
C(1)-C(2)  1.375(5) 
C(1)-H(1)  0.9500 
C(2)-C(3)  1.367(6) 
C(2)-H(2)  0.9500 
C(3)-C(4)  1.374(6) 
C(3)-H(3)  0.9500 
C(4)-C(5)  1.381(5) 
C(4)-H(4)  0.9500 
C(5)-C(6)  1.480(5) 
C(6)-C(7)  1.389(5) 
C(7)-C(8)  1.371(6) 
C(7)-H(7)  0.9500 
C(8)-C(9)  1.360(6) 
C(8)-H(8)  0.9500 
C(9)-C(10)  1.388(5) 
C(9)-H(9)  0.9500 
C(10)-H(10)  0.9500 
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C(11)-C(12)  1.534(5) 
C(11)-H(11)  0.944(17) 
C(12)-C(15)  1.525(4) 
C(12)-C(14)  1.527(4) 
C(12)-C(13)  1.536(5) 
C(13)-H(13A)  0.9800 
C(13)-H(13B)  0.9800 
C(13)-H(13C)  0.9800 
C(14)-H(14A)  0.9800 
C(14)-H(14B)  0.9800 
C(14)-H(14C)  0.9800 
C(15)-C(20)  1.318(10) 
C(15)-C(16)  1.436(10) 
C(16)-C(17)  1.357(10) 
C(16)-H(16)  0.9500 
C(17)-C(18)  1.356(10) 
C(17)-H(17)  0.9500 
C(18)-C(19)  1.394(11) 
C(18)-H(18)  0.9500 
C(19)-C(20)  1.401(10) 
C(19)-H(19)  0.9500 
C(20)-H(20)  0.9500 
C(21)-C(22)  1.400(5) 
C(21)-C(26)  1.422(5) 
C(22)-C(23)  1.407(5) 
C(22)-C(27)  1.504(5) 
C(23)-C(24)  1.365(7) 
C(23)-H(23A)  0.9500 
C(24)-C(25)  1.368(7) 
C(24)-H(24)  0.9500 
C(25)-C(26)  1.391(5) 
C(25)-H(25)  0.9500 
C(26)-C(30)  1.493(6) 
C(27)-C(28)  1.539(5) 
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C(27)-C(29)  1.545(5) 
C(27)-H(27)  1.0000 
C(28)-H(28A)  0.9800 
C(28)-H(28B)  0.9800 
C(28)-H(28C)  0.9800 
C(29)-H(29A)  0.9800 
C(29)-H(29B)  0.9800 
C(29)-H(29C)  0.9800 
C(30)-C(31)  1.530(5) 
C(30)-C(32)  1.539(6) 
C(30)-H(30)  1.0000 
C(31)-H(31A)  0.9800 
C(31)-H(31B)  0.9800 
C(31)-H(31C)  0.9800 
C(32)-H(32A)  0.9800 
C(32)-H(32B)  0.9800 
C(32)-H(32C)  0.9800 
C(33)-C(34)  1.365(5) 
C(33)-H(33)  0.9500 
C(34)-C(35)  1.366(7) 
C(34)-H(34)  0.9500 
C(35)-C(36)  1.382(5) 
C(35)-H(35)  0.9500 
C(36)-H(36)  0.9500 
C(37)-C(38)  1.361(5) 
C(37)-H(37)  0.9500 
C(38)-C(39)  1.397(5) 
C(38)-H(38)  0.9500 
C(39)-C(40)  1.369(4) 
C(39)-H(39)  0.9500 
C(40)-H(40)  0.9500 
C(1S)-Cl(1)  1.693(10) 
C(1S)-Cl(2)  1.730(11) 
C(1S)-H(1S1)  0.9900 
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C(1S)-H(1S2)  0.9900 
 
N(3)-Mo(1)-C(11) 98.62(13) 
N(3)-Mo(1)-N(4) 100.60(11) 
C(11)-Mo(1)-N(4) 95.24(13) 
N(3)-Mo(1)-N(5) 101.06(10) 
C(11)-Mo(1)-N(5) 92.16(11) 
N(4)-Mo(1)-N(5) 155.75(10) 
N(3)-Mo(1)-N(1) 93.50(11) 
C(11)-Mo(1)-N(1) 166.88(11) 
N(4)-Mo(1)-N(1) 87.41(11) 
N(5)-Mo(1)-N(1) 80.53(9) 
N(3)-Mo(1)-N(2) 162.76(11) 
C(11)-Mo(1)-N(2) 98.62(12) 
N(4)-Mo(1)-N(2) 78.12(10) 
N(5)-Mo(1)-N(2) 77.95(9) 
N(1)-Mo(1)-N(2) 69.30(10) 
C(1)-N(1)-C(5) 117.9(3) 
C(1)-N(1)-Mo(1) 121.8(2) 
C(5)-N(1)-Mo(1) 119.1(2) 
C(10)-N(2)-C(6) 118.3(3) 
C(10)-N(2)-Mo(1) 123.8(3) 
C(6)-N(2)-Mo(1) 117.9(2) 
C(21)-N(3)-Mo(1) 171.0(2) 
C(36)-N(4)-C(33) 105.5(3) 
C(36)-N(4)-Mo(1) 127.6(3) 
C(33)-N(4)-Mo(1) 126.3(2) 
C(37)-N(5)-C(40) 105.2(3) 
C(37)-N(5)-Mo(1) 128.8(2) 
C(40)-N(5)-Mo(1) 125.8(2) 
N(1)-C(1)-C(2) 123.6(4) 
N(1)-C(1)-H(1) 118.2 
C(2)-C(1)-H(1) 118.2 
C(3)-C(2)-C(1) 118.2(4) 
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C(3)-C(2)-H(2) 120.9 
C(1)-C(2)-H(2) 120.9 
C(2)-C(3)-C(4) 119.1(4) 
C(2)-C(3)-H(3) 120.5 
C(4)-C(3)-H(3) 120.5 
C(3)-C(4)-C(5) 120.0(4) 
C(3)-C(4)-H(4) 120.0 
C(5)-C(4)-H(4) 120.0 
N(1)-C(5)-C(4) 121.2(4) 
N(1)-C(5)-C(6) 115.5(3) 
C(4)-C(5)-C(6) 123.3(3) 
N(2)-C(6)-C(7) 121.4(4) 
N(2)-C(6)-C(5) 116.4(3) 
C(7)-C(6)-C(5) 122.2(4) 
C(8)-C(7)-C(6) 119.1(4) 
C(8)-C(7)-H(7) 120.4 
C(6)-C(7)-H(7) 120.4 
C(9)-C(8)-C(7) 119.7(4) 
C(9)-C(8)-H(8) 120.1 
C(7)-C(8)-H(8) 120.1 
C(8)-C(9)-C(10) 118.8(4) 
C(8)-C(9)-H(9) 120.6 
C(10)-C(9)-H(9) 120.6 
N(2)-C(10)-C(9) 122.7(4) 
N(2)-C(10)-H(10) 118.7 
C(9)-C(10)-H(10) 118.7 
C(12)-C(11)-Mo(1) 138.3(2) 
C(12)-C(11)-H(11) 112(2) 
Mo(1)-C(11)-H(11) 109(2) 
C(15)-C(12)-C(14) 109.4(3) 
C(15)-C(12)-C(11) 109.8(3) 
C(14)-C(12)-C(11) 111.8(3) 
C(15)-C(12)-C(13) 111.0(3) 
C(14)-C(12)-C(13) 107.2(3) 
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C(11)-C(12)-C(13) 107.6(3) 
C(12)-C(13)-H(13A) 109.5 
C(12)-C(13)-H(13B) 109.5 
H(13A)-C(13)-H(13B) 109.5 
C(12)-C(13)-H(13C) 109.5 
H(13A)-C(13)-H(13C) 109.5 
H(13B)-C(13)-H(13C) 109.5 
C(12)-C(14)-H(14A) 109.5 
C(12)-C(14)-H(14B) 109.5 
H(14A)-C(14)-H(14B) 109.5 
C(12)-C(14)-H(14C) 109.5 
H(14A)-C(14)-H(14C) 109.5 
H(14B)-C(14)-H(14C) 109.5 
C(16X)-C(15)-C(20) 99.8(6) 
C(16X)-C(15)-C(16) 17.0(7) 
C(20)-C(15)-C(16) 115.4(5) 
C(16X)-C(15)-C(20X) 114.9(6) 
C(20)-C(15)-C(20X) 27.3(4) 
C(16)-C(15)-C(20X) 126.0(5) 
C(16X)-C(15)-C(12) 130.5(5) 
C(20)-C(15)-C(12) 127.1(4) 
C(16)-C(15)-C(12) 116.8(4) 
C(20X)-C(15)-C(12) 114.3(4) 
C(17)-C(16)-C(15) 120.7(7) 
C(17)-C(16)-H(16) 119.6 
C(15)-C(16)-H(16) 119.6 
C(18)-C(17)-C(16) 121.6(9) 
C(18)-C(17)-H(17) 119.2 
C(16)-C(17)-H(17) 119.2 
C(17)-C(18)-C(19) 118.9(9) 
C(17)-C(18)-H(18) 120.6 
C(19)-C(18)-H(18) 120.6 
C(18)-C(19)-C(20) 117.9(8) 
C(18)-C(19)-H(19) 121.0 
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C(20)-C(19)-H(19) 121.0 
C(15)-C(20)-C(19) 124.3(8) 
C(15)-C(20)-H(20) 117.9 
C(19)-C(20)-H(20) 117.9 
C(15)-C(16X)-C(17X) 126.3(9) 
C(15)-C(16X)-H(16X) 116.8 
C(17X)-C(16X)-H(16X) 116.8 
C(18X)-C(17X)-C(16X) 117.7(9) 
C(18X)-C(17X)-H(17X) 121.1 
C(16X)-C(17X)-H(17X) 121.1 
C(17X)-C(18X)-C(19X) 121.4(9) 
C(17X)-C(18X)-H(18X) 119.3 
C(19X)-C(18X)-H(18X) 119.3 
C(20X)-C(19X)-C(18X) 118.4(8) 
C(20X)-C(19X)-H(19X) 120.8 
C(18X)-C(19X)-H(19X) 120.8 
C(19X)-C(20X)-C(15) 120.4(6) 
C(19X)-C(20X)-H(20X) 119.8 
C(15)-C(20X)-H(20X) 119.8 
C(22)-C(21)-N(3) 119.8(3) 
C(22)-C(21)-C(26) 122.0(3) 
N(3)-C(21)-C(26) 118.2(3) 
C(21)-C(22)-C(23) 117.3(4) 
C(21)-C(22)-C(27) 122.7(3) 
C(23)-C(22)-C(27) 119.9(4) 
C(24)-C(23)-C(22) 121.6(4) 
C(24)-C(23)-H(23A) 119.2 
C(22)-C(23)-H(23A) 119.2 
C(23)-C(24)-C(25) 119.8(4) 
C(23)-C(24)-H(24) 120.1 
C(25)-C(24)-H(24) 120.1 
C(24)-C(25)-C(26) 122.8(4) 
C(24)-C(25)-H(25) 118.6 
C(26)-C(25)-H(25) 118.6 
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C(25)-C(26)-C(21) 116.4(4) 
C(25)-C(26)-C(30) 121.3(4) 
C(21)-C(26)-C(30) 122.2(3) 
C(22)-C(27)-C(28) 112.0(3) 
C(22)-C(27)-C(29) 110.0(4) 
C(28)-C(27)-C(29) 110.6(3) 
C(22)-C(27)-H(27) 108.0 
C(28)-C(27)-H(27) 108.0 
C(29)-C(27)-H(27) 108.0 
C(27)-C(28)-H(28A) 109.5 
C(27)-C(28)-H(28B) 109.5 
H(28A)-C(28)-H(28B) 109.5 
C(27)-C(28)-H(28C) 109.5 
H(28A)-C(28)-H(28C) 109.5 
H(28B)-C(28)-H(28C) 109.5 
C(27)-C(29)-H(29A) 109.5 
C(27)-C(29)-H(29B) 109.5 
H(29A)-C(29)-H(29B) 109.5 
C(27)-C(29)-H(29C) 109.5 
H(29A)-C(29)-H(29C) 109.5 
H(29B)-C(29)-H(29C) 109.5 
C(26)-C(30)-C(31) 110.6(4) 
C(26)-C(30)-C(32) 112.7(4) 
C(31)-C(30)-C(32) 109.7(3) 
C(26)-C(30)-H(30) 107.9 
C(31)-C(30)-H(30) 107.9 
C(32)-C(30)-H(30) 107.9 
C(30)-C(31)-H(31A) 109.5 
C(30)-C(31)-H(31B) 109.5 
H(31A)-C(31)-H(31B) 109.5 
C(30)-C(31)-H(31C) 109.5 
H(31A)-C(31)-H(31C) 109.5 
H(31B)-C(31)-H(31C) 109.5 
C(30)-C(32)-H(32A) 109.5 
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C(30)-C(32)-H(32B) 109.5 
H(32A)-C(32)-H(32B) 109.5 
C(30)-C(32)-H(32C) 109.5 
H(32A)-C(32)-H(32C) 109.5 
H(32B)-C(32)-H(32C) 109.5 
C(34)-C(33)-N(4) 110.5(4) 
C(34)-C(33)-H(33) 124.7 
N(4)-C(33)-H(33) 124.7 
C(33)-C(34)-C(35) 106.8(4) 
C(33)-C(34)-H(34) 126.6 
C(35)-C(34)-H(34) 126.6 
C(34)-C(35)-C(36) 107.8(4) 
C(34)-C(35)-H(35) 126.1 
C(36)-C(35)-H(35) 126.1 
N(4)-C(36)-C(35) 109.4(4) 
N(4)-C(36)-H(36) 125.3 
C(35)-C(36)-H(36) 125.3 
C(38)-C(37)-N(5) 111.0(3) 
C(38)-C(37)-H(37) 124.5 
N(5)-C(37)-H(37) 124.5 
C(37)-C(38)-C(39) 106.6(3) 
C(37)-C(38)-H(38) 126.7 
C(39)-C(38)-H(38) 126.7 
C(40)-C(39)-C(38) 106.8(3) 
C(40)-C(39)-H(39) 126.6 
C(38)-C(39)-H(39) 126.6 
C(39)-C(40)-N(5) 110.4(3) 
C(39)-C(40)-H(40) 124.8 
N(5)-C(40)-H(40) 124.8 
Cl(1)-C(1S)-Cl(2) 110.7(8) 
Cl(1)-C(1S)-H(1S1) 109.5 
Cl(2)-C(1S)-H(1S1) 109.5 
Cl(1)-C(1S)-H(1S2) 109.5 
Cl(2)-C(1S)-H(1S2) 109.5 
Chapter 4 
Page 403  
H(1S1)-C(1S)-H(1S2) 108.1 
Cl(1X)-C(1SX)-Cl(2X) 121.2(7) 
Cl(1X)-C(1SX)-H(1S3) 107.0 
Cl(2X)-C(1SX)-H(1S3) 107.0 
Cl(1X)-C(1SX)-H(1S4) 107.0 
Cl(2X)-C(1SX)-H(1S4) 107.0 
H(1S3)-C(1SX)-H(1S4) 106.8 
_____________________________________________________________  
Symmetry transformations used to generate equivalent atoms:  
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 Table 4.   Anisotropic displacement parameters  (Å2x 103) for sad.  The anisotropic 
displacement factor exponent takes the form:  -2π2[ h2 a*2U11 + ...  + 2 h k a* b* U12 ] 
______________________________________________________________________________  
 U11 U22  U33 U23 U13 U12 
______________________________________________________________________________  
Mo(1) 22(1)  27(1) 20(1)  -5(1) 2(1)  2(1) 
N(1) 36(2)  40(2) 25(2)  2(1) 2(1)  6(1) 
N(2) 35(2)  42(2) 33(2)  -15(1) 12(1)  -7(1) 
N(3) 28(1)  25(1) 18(1)  1(1) 2(1)  8(1) 
N(4) 30(2)  69(2) 23(2)  -8(2) 1(1)  -6(1) 
N(5) 26(1)  26(2) 29(2)  1(1) 4(1)  -1(1) 
C(1) 55(2)  45(2) 32(2)  9(2) 5(2)  15(2) 
C(2) 81(3)  48(2) 47(3)  19(2) 9(2)  11(2) 
C(3) 99(4)  67(3) 46(3)  20(2) 23(3)  -3(3) 
C(4) 72(3)  74(3) 35(3)  4(2) 23(2)  -7(2) 
C(5) 39(2)  54(2) 24(2)  0(2) 5(1)  -3(2) 
C(6) 33(2)  58(3) 30(2)  -12(2) 9(2)  -10(2) 
C(7) 56(2)  77(3) 34(2)  -18(2) 17(2)  -11(2) 
C(8) 82(3)  86(4) 46(3)  -36(3) 35(2)  -18(3) 
C(9) 84(3)  56(3) 68(3)  -38(3) 33(3)  -19(2) 
C(10) 55(2)  48(2) 49(3)  -21(2) 20(2)  -13(2) 
C(11) 26(2)  23(2) 39(2)  -6(2) 9(1)  0(1) 
C(12) 32(2)  23(2) 32(2)  2(1) 7(1)  4(1) 
C(13) 61(3)  50(2) 40(2)  -6(2) -2(2)  -19(2) 
C(14) 81(3)  42(2) 50(3)  18(2) 36(2)  29(2) 
C(15) 42(2)  22(2) 26(2)  0(1) 2(2)  0(2) 
C(16) 26(3)  24(3) 35(4)  4(3) 3(2)  1(2) 
C(17) 33(3)  34(3) 50(4)  -2(3) 9(3)  3(2) 
C(18) 71(8)  19(3) 37(4)  -1(3) -17(5)  0(5) 
C(19) 48(5)  22(3) 59(5)  -1(3) -7(3)  -4(3) 
C(20) 35(4)  40(4) 60(5)  9(4) 1(3)  2(3) 
C(16X) 35(4)  40(4) 60(5)  9(4) 1(3)  2(3) 
C(17X) 48(5)  22(3) 59(5)  -1(3) -7(3)  -4(3) 
C(18X) 71(8)  19(3) 37(4)  -1(3) -17(5)  0(5) 
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C(19X) 33(3)  34(3) 50(4)  -2(3) 9(3)  3(2) 
C(20X) 26(3)  24(3) 35(4)  4(3) 3(2)  1(2) 
C(21) 60(2)  18(2) 21(2)  6(1) 15(2)  8(2) 
C(22) 80(3)  22(2) 21(2)  3(1) 13(2)  -2(2) 
C(23) 127(4)  26(2) 35(2)  -4(2) 35(2)  -13(2) 
C(24) 138(4)  28(2) 75(3)  -1(2) 77(3)  4(3) 
C(25) 95(3)  32(2) 90(4)  10(2) 63(3)  20(2) 
C(26) 61(2)  33(2) 50(2)  13(2) 38(2)  18(2) 
C(27) 82(3)  26(2) 28(2)  -2(2) -15(2)  -9(2) 
C(28) 72(3)  38(2) 59(3)  -2(2) -11(2)  -13(2) 
C(29) 138(5)  49(3) 44(3)  1(2) -38(3)  -21(3) 
C(30) 42(2)  48(2) 63(3)  14(2) 24(2)  18(2) 
C(31) 49(2)  63(3) 87(3)  31(3) 18(2)  13(2) 
C(32) 82(4)  93(4) 98(4)  56(3) 17(3)  24(3) 
C(33) 36(2)  64(3) 38(2)  -21(2) 5(2)  -15(2) 
C(34) 41(2)  106(4) 45(3)  -30(3) 6(2)  -22(2) 
C(35) 32(2)  135(5) 43(3)  -20(3) -11(2)  -7(2) 
C(36) 44(2)  116(4) 30(2)  3(3) -7(2)  -12(3) 
C(37) 38(2)  34(2) 31(2)  2(2) 1(2)  -9(2) 
C(38) 36(2)  56(3) 34(2)  1(2) 2(2)  -17(2) 
C(39) 23(2)  61(2) 51(2)  3(2) 7(2)  3(2) 
C(40) 30(2)  34(2) 42(2)  0(2) 6(2)  7(2) 
C(1S) 29(6)  60(6) 53(7)  1(5) 9(5)  -5(5) 
Cl(1) 66(4)  83(4) 64(3)  -33(3) -8(3)  9(3) 
Cl(2) 104(6)  65(4) 116(8)  -15(4) 38(5)  -22(4) 
C(1SX) 59(8)  51(5) 76(6)  -2(5) 15(5)  2(5) 
Cl(1X) 63(3)  104(4) 62(2)  -22(2) -2(2)  0(2) 
Cl(2X) 49(2)  46(2) 53(2)  -10(2) 8(2)  -14(2) 
______________________________________________________________________________ 
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 Table 5.   Hydrogen coordinates ( x 104) and isotropic  displacement parameters (Å2x 10 3) 
for sad. 
________________________________________________________________________________  
 x  y  z  U(eq) 
________________________________________________________________________________  
  
H(1) 2130 5687 1649 53 
H(2) 1863 4542 2106 70 
H(3) 1256 4991 2682 84 
H(4) 974 6581 2786 71 
H(7) 975 8064 2896 66 
H(8) 859 9695 2951 84 
H(9) 1127 10644 2420 82 
H(10) 1476 9943 1836 60 
H(11) 1447(19) 9471(17) 1218(9) 35 
H(13A) 295 9177 558 76 
H(13B) 670 8149 487 76 
H(13C) 721 8949 158 76 
H(14A) 2846 8751 557 84 
H(14B) 2249 8700 157 84 
H(14C) 2192 7897 484 84 
H(16) 544 10396 299 34 
H(17) 707 11946 131 46 
H(18) 1901 12778 348 52 
H(19) 3016 11979 711 52 
H(20) 2805 10409 888 54 
H(16X) 643 10683 416 54 
H(17X) 999 12236 296 52 
H(18X) 2372 12721 467 52 
H(19X) 3461 11594 559 46 
H(20X) 3092 10018 650 34 
H(23A) 1550 4595 286 73 
H(24) 2961 4191 306 92 
H(25) 3957 5083 664 83 
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H(27) 678 6567 789 56 
H(28A) 393 5053 1045 86 
H(28B) 258 4638 607 86 
H(28C) -391 5400 757 86 
H(29A) 801 6777 102 119 
H(29B) -142 6462 180 119 
H(29C) 506 5711 22 119 
H(30) 3535 7080 1267 60 
H(31A) 3912 7589 641 99 
H(31B) 4619 6783 643 99 
H(31C) 4714 7626 956 99 
H(32A) 4139 5675 1548 136 
H(32B) 4852 6463 1510 136 
H(32C) 4763 5612 1201 136 
H(33) 3323 9406 1323 55 
H(34) 4747 9354 1673 77 
H(35) 4724 8100 2185 85 
H(36) 3289 7370 2131 77 
H(37) 265 6263 1587 42 
H(38) -1276 6498 1467 51 
H(39) -1503 8183 1238 54 
H(40) -87 8921 1228 42 
H(1S1) 4330 7595 3528 56 
H(1S2) 3548 7046 3694 56 
H(1S3) 3781 7056 3673 74 
H(1S4) 2789 7079 3715 74 
________________________________________________________________________________ 
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 Table 6.  Torsion angles [°] for sad. 
________________________________________________________________  
N(3)-Mo(1)-N(1)-C(1) -1.8(3) 
C(11)-Mo(1)-N(1)-C(1) 155.7(5) 
N(4)-Mo(1)-N(1)-C(1) -102.3(3) 
N(5)-Mo(1)-N(1)-C(1) 98.8(3) 
N(2)-Mo(1)-N(1)-C(1) 179.4(3) 
N(3)-Mo(1)-N(1)-C(5) -169.1(3) 
C(11)-Mo(1)-N(1)-C(5) -11.6(7) 
N(4)-Mo(1)-N(1)-C(5) 90.5(3) 
N(5)-Mo(1)-N(1)-C(5) -68.4(2) 
N(2)-Mo(1)-N(1)-C(5) 12.2(2) 
N(3)-Mo(1)-N(2)-C(10) 167.9(3) 
C(11)-Mo(1)-N(2)-C(10) -13.1(3) 
N(4)-Mo(1)-N(2)-C(10) 80.4(3) 
N(5)-Mo(1)-N(2)-C(10) -103.5(3) 
N(1)-Mo(1)-N(2)-C(10) 172.2(3) 
N(3)-Mo(1)-N(2)-C(6) -12.0(5) 
C(11)-Mo(1)-N(2)-C(6) 166.9(2) 
N(4)-Mo(1)-N(2)-C(6) -99.5(2) 
N(5)-Mo(1)-N(2)-C(6) 76.5(2) 
N(1)-Mo(1)-N(2)-C(6) -7.8(2) 
C(11)-Mo(1)-N(3)-C(21) 176.4(14) 
N(4)-Mo(1)-N(3)-C(21) 79.3(15) 
N(5)-Mo(1)-N(3)-C(21) -89.7(15) 
N(1)-Mo(1)-N(3)-C(21) -8.7(15) 
N(2)-Mo(1)-N(3)-C(21) -4.7(17) 
N(3)-Mo(1)-N(4)-C(36) -83.5(3) 
C(11)-Mo(1)-N(4)-C(36) 176.7(3) 
N(5)-Mo(1)-N(4)-C(36) 69.5(4) 
N(1)-Mo(1)-N(4)-C(36) 9.6(3) 
N(2)-Mo(1)-N(4)-C(36) 79.0(3) 
N(3)-Mo(1)-N(4)-C(33) 86.2(3) 
C(11)-Mo(1)-N(4)-C(33) -13.6(3) 
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N(5)-Mo(1)-N(4)-C(33) -120.8(3) 
N(1)-Mo(1)-N(4)-C(33) 179.3(3) 
N(2)-Mo(1)-N(4)-C(33) -111.3(3) 
N(3)-Mo(1)-N(5)-C(37) 57.2(3) 
C(11)-Mo(1)-N(5)-C(37) 156.4(3) 
N(4)-Mo(1)-N(5)-C(37) -95.8(4) 
N(1)-Mo(1)-N(5)-C(37) -34.6(3) 
N(2)-Mo(1)-N(5)-C(37) -105.3(3) 
N(3)-Mo(1)-N(5)-C(40) -116.8(3) 
C(11)-Mo(1)-N(5)-C(40) -17.6(3) 
N(4)-Mo(1)-N(5)-C(40) 90.3(4) 
N(1)-Mo(1)-N(5)-C(40) 151.5(3) 
N(2)-Mo(1)-N(5)-C(40) 80.8(3) 
C(5)-N(1)-C(1)-C(2) 0.2(6) 
Mo(1)-N(1)-C(1)-C(2) -167.2(3) 
N(1)-C(1)-C(2)-C(3) 1.1(7) 
C(1)-C(2)-C(3)-C(4) -1.0(7) 
C(2)-C(3)-C(4)-C(5) -0.3(7) 
C(1)-N(1)-C(5)-C(4) -1.5(5) 
Mo(1)-N(1)-C(5)-C(4) 166.2(3) 
C(1)-N(1)-C(5)-C(6) 177.4(3) 
Mo(1)-N(1)-C(5)-C(6) -14.9(4) 
C(3)-C(4)-C(5)-N(1) 1.6(6) 
C(3)-C(4)-C(5)-C(6) -177.2(4) 
C(10)-N(2)-C(6)-C(7) 1.2(5) 
Mo(1)-N(2)-C(6)-C(7) -178.8(3) 
C(10)-N(2)-C(6)-C(5) -176.6(3) 
Mo(1)-N(2)-C(6)-C(5) 3.4(4) 
N(1)-C(5)-C(6)-N(2) 7.4(4) 
C(4)-C(5)-C(6)-N(2) -173.8(3) 
N(1)-C(5)-C(6)-C(7) -170.4(3) 
C(4)-C(5)-C(6)-C(7) 8.5(6) 
N(2)-C(6)-C(7)-C(8) -0.6(6) 
C(5)-C(6)-C(7)-C(8) 177.1(4) 
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C(6)-C(7)-C(8)-C(9) -0.5(7) 
C(7)-C(8)-C(9)-C(10) 0.8(7) 
C(6)-N(2)-C(10)-C(9) -0.9(6) 
Mo(1)-N(2)-C(10)-C(9) 179.2(3) 
C(8)-C(9)-C(10)-N(2) -0.2(7) 
N(3)-Mo(1)-C(11)-C(12) 6.7(3) 
N(4)-Mo(1)-C(11)-C(12) 108.3(3) 
N(5)-Mo(1)-C(11)-C(12) -94.9(3) 
N(1)-Mo(1)-C(11)-C(12) -150.6(4) 
N(2)-Mo(1)-C(11)-C(12) -173.0(3) 
Mo(1)-C(11)-C(12)-C(15) -160.6(3) 
Mo(1)-C(11)-C(12)-C(14) -38.9(5) 
Mo(1)-C(11)-C(12)-C(13) 78.5(4) 
C(14)-C(12)-C(15)-C(16X) 134.7(9) 
C(11)-C(12)-C(15)-C(16X) -102.3(10) 
C(13)-C(12)-C(15)-C(16X) 16.6(10) 
C(14)-C(12)-C(15)-C(20) -67.4(7) 
C(11)-C(12)-C(15)-C(20) 55.6(7) 
C(13)-C(12)-C(15)-C(20) 174.5(7) 
C(14)-C(12)-C(15)-C(16) 122.6(6) 
C(11)-C(12)-C(15)-C(16) -114.4(6) 
C(13)-C(12)-C(15)-C(16) 4.5(7) 
C(14)-C(12)-C(15)-C(20X) -39.2(5) 
C(11)-C(12)-C(15)-C(20X) 83.8(5) 
C(13)-C(12)-C(15)-C(20X) -157.3(4) 
C(16X)-C(15)-C(16)-C(17) 36(3) 
C(20)-C(15)-C(16)-C(17) 11.5(12) 
C(20X)-C(15)-C(16)-C(17) -17.9(14) 
C(12)-C(15)-C(16)-C(17) -177.4(8) 
C(15)-C(16)-C(17)-C(18) -6.0(14) 
C(16)-C(17)-C(18)-C(19) 1.0(14) 
C(17)-C(18)-C(19)-C(20) -1.6(15) 
C(16X)-C(15)-C(20)-C(19) -19.6(12) 
C(16)-C(15)-C(20)-C(19) -12.7(12) 
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C(20X)-C(15)-C(20)-C(19) 107.1(15) 
C(12)-C(15)-C(20)-C(19) 177.3(7) 
C(18)-C(19)-C(20)-C(15) 8.1(15) 
C(20)-C(15)-C(16X)-C(17X) 19.6(16) 
C(16)-C(15)-C(16X)-C(17X) -138(5) 
C(20X)-C(15)-C(16X)-C(17X) -4.2(16) 
C(12)-C(15)-C(16X)-C(17X) -178.1(9) 
C(15)-C(16X)-C(17X)-C(18X) -3.5(19) 
C(16X)-C(17X)-C(18X)-C(19X) 10.4(15) 
C(17X)-C(18X)-C(19X)-C(20X) -8.9(13) 
C(18X)-C(19X)-C(20X)-C(15) 0.6(12) 
C(16X)-C(15)-C(20X)-C(19X) 5.6(10) 
C(20)-C(15)-C(20X)-C(19X) -54.9(10) 
C(16)-C(15)-C(20X)-C(19X) 20.6(12) 
C(12)-C(15)-C(20X)-C(19X) -179.5(6) 
Mo(1)-N(3)-C(21)-C(22) 102.2(15) 
Mo(1)-N(3)-C(21)-C(26) -77.9(15) 
N(3)-C(21)-C(22)-C(23) -178.5(3) 
C(26)-C(21)-C(22)-C(23) 1.6(5) 
N(3)-C(21)-C(22)-C(27) 2.4(5) 
C(26)-C(21)-C(22)-C(27) -177.5(3) 
C(21)-C(22)-C(23)-C(24) -0.5(5) 
C(27)-C(22)-C(23)-C(24) 178.6(4) 
C(22)-C(23)-C(24)-C(25) -0.6(6) 
C(23)-C(24)-C(25)-C(26) 0.7(7) 
C(24)-C(25)-C(26)-C(21) 0.4(6) 
C(24)-C(25)-C(26)-C(30) -177.2(4) 
C(22)-C(21)-C(26)-C(25) -1.5(5) 
N(3)-C(21)-C(26)-C(25) 178.6(3) 
C(22)-C(21)-C(26)-C(30) 176.1(3) 
N(3)-C(21)-C(26)-C(30) -3.8(5) 
C(21)-C(22)-C(27)-C(28) -120.2(3) 
C(23)-C(22)-C(27)-C(28) 60.7(4) 
C(21)-C(22)-C(27)-C(29) 116.4(4) 
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C(23)-C(22)-C(27)-C(29) -62.7(4) 
C(25)-C(26)-C(30)-C(31) 71.9(4) 
C(21)-C(26)-C(30)-C(31) -105.5(4) 
C(25)-C(26)-C(30)-C(32) -51.3(5) 
C(21)-C(26)-C(30)-C(32) 131.2(4) 
C(36)-N(4)-C(33)-C(34) 1.4(4) 
Mo(1)-N(4)-C(33)-C(34) -170.2(3) 
N(4)-C(33)-C(34)-C(35) -1.3(5) 
C(33)-C(34)-C(35)-C(36) 0.8(5) 
C(33)-N(4)-C(36)-C(35) -0.8(5) 
Mo(1)-N(4)-C(36)-C(35) 170.6(3) 
C(34)-C(35)-C(36)-N(4) 0.0(5) 
C(40)-N(5)-C(37)-C(38) -0.2(4) 
Mo(1)-N(5)-C(37)-C(38) -175.1(2) 
N(5)-C(37)-C(38)-C(39) 0.2(4) 
C(37)-C(38)-C(39)-C(40) 0.0(4) 
C(38)-C(39)-C(40)-N(5) -0.1(4) 
C(37)-N(5)-C(40)-C(39) 0.2(4) 
Mo(1)-N(5)-C(40)-C(39) 175.3(2) 
________________________________________________________________  
Symmetry transformations used to generate equivalent atoms:  
  
 
Crystal structure data for alkylidyne 4.13: 
 
  Table 1.  Crystal data and structure refinement for C38H44MoN4. 
Identification code  C38H44MoN4 
Empirical formula  C38 H44 Mo N4 
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Formula weight  652.71 
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  P2(1)/n 
Unit cell dimensions a = 11.2310(10) Å α= 90°. 
 b = 18.7037(18) Å β= 97.074(6)°. 
 c = 15.8997(15) Å γ = 90°. 
Volume 3314.5(5) Å3 
Z 4 
Density (calculated) 1.308 Mg/m3 
Absorption coefficient 0.428 mm-1 
F(000) 1368 
Crystal size 0.13 x 0.10 x 0.07 mm3 
Theta range for data collection 1.69 to 28.00°. 
Index ranges -14<=h<=14, -24<=k<=22, -21<=l<=20 
Reflections collected 58456 
Independent reflections 8003 [R(int) = 0.0972] 
Completeness to theta = 28.00° 100.0 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.9707 and 0.9465 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 8003 / 0 / 390 
Goodness-of-fit on F2 1.018 
Final R indices [I>2sigma(I)] R1 = 0.0475, wR2 = 0.1082 
R indices (all data) R1 = 0.0858, wR2 = 0.1274 
Extinction coefficient na 
Largest diff. peak and hole 1.474 and -1.162 e.Å-3 
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 Table 2.  Atomic coordinates  ( x 104) and equivalent  isotropic displacement parameters (Å2x 103) 
for C38H44MoN4.  U(eq) is defined as one third of  the trace of the orthogonalized Uij tensor. 
________________________________________________________________________________  
 x y z U(eq) 
________________________________________________________________________________   
Mo(1) -233(1) 8156(1) 7506(1) 18(1) 
N(1) -945(2) 9144(1) 6709(2) 23(1) 
N(2) 185(2) 8028(1) 6193(2) 21(1) 
N(3) -497(2) 7222(1) 7702(2) 19(1) 
N(4) -1201(2) 8597(1) 8427(2) 20(1) 
C(1) -1487(3) 9708(2) 7018(2) 29(1) 
C(2) -2005(3) 10253(2) 6510(3) 34(1) 
C(3) -1987(3) 10206(2) 5646(3) 38(1) 
C(4) -1420(3) 9637(2) 5318(2) 31(1) 
C(5) -888(3) 9112(2) 5858(2) 25(1) 
C(6) -227(3) 8498(2) 5577(2) 22(1) 
C(7) 7(3) 8406(2) 4746(2) 30(1) 
C(8) 690(3) 7833(2) 4543(2) 34(1) 
C(9) 1149(3) 7366(2) 5181(2) 29(1) 
C(10) 869(3) 7476(2) 5985(2) 25(1) 
C(11) -283(3) 6528(2) 7987(2) 18(1) 
C(12) -442(3) 5955(2) 7406(2) 22(1) 
C(13) -238(3) 5270(2) 7696(2) 25(1) 
C(14) 104(3) 5121(2) 8550(2) 25(1) 
C(15) 242(3) 5684(2) 9125(2) 24(1) 
C(16) 53(3) 6389(2) 8865(2) 21(1) 
C(17) -847(3) 6101(2) 6480(2) 24(1) 
C(18) -177(4) 5663(2) 5881(2) 32(1) 
C(19) -2208(3) 5995(2) 6298(2) 35(1) 
C(20) 142(3) 7008(2) 9486(2) 21(1) 
C(21) -1108(3) 7174(2) 9734(2) 28(1) 
C(22) 1038(3) 6884(2) 10275(2) 32(1) 
C(23) -2452(3) 8560(2) 8299(2) 22(1) 
C(24) -2913(3) 8931(2) 8927(2) 24(1) 
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C(25) -1930(3) 9197(2) 9481(2) 26(1) 
C(26) -905(3) 8991(2) 9164(2) 22(1) 
C(27) -3102(3) 8162(2) 7573(2) 30(1) 
C(28) 367(3) 9119(2) 9523(2) 31(1) 
C(29) 1297(3) 8334(2) 7827(2) 23(1) 
C(30) 2651(3) 8271(2) 7939(2) 27(1) 
C(31) 3018(3) 7515(2) 7702(2) 24(1) 
C(32) 3770(3) 7375(2) 7087(2) 32(1) 
C(33) 4066(4) 6684(2) 6880(2) 38(1) 
C(34) 3585(4) 6111(2) 7268(3) 39(1) 
C(35) 2819(3) 6234(2) 7877(2) 30(1) 
C(36) 2558(3) 6929(2) 8094(2) 25(1) 
C(37) 3110(3) 8849(2) 7365(3) 43(1) 
C(38) 3158(3) 8424(2) 8870(2) 39(1) 
________________________________________________________________________________ 
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 Table 3.   Bond lengths [Å] and angles [°] for  C38H44MoN4. 
_____________________________________________________  
Mo(1)-C(29)  1.764(3) 
Mo(1)-N(3)  1.804(3) 
Mo(1)-N(4)  2.098(3) 
Mo(1)-N(2)  2.209(3) 
Mo(1)-N(1)  2.326(3) 
N(1)-C(1)  1.341(4) 
N(1)-C(5)  1.363(4) 
N(2)-C(10)  1.352(4) 
N(2)-C(6)  1.355(4) 
N(3)-C(11)  1.386(4) 
N(4)-C(26)  1.389(4) 
N(4)-C(23)  1.397(4) 
C(1)-C(2)  1.383(5) 
C(1)-H(1)  0.9500 
C(2)-C(3)  1.380(5) 
C(2)-H(2)  0.9500 
C(3)-C(4)  1.376(5) 
C(3)-H(3B)  0.9500 
C(4)-C(5)  1.391(4) 
C(4)-H(4)  0.9500 
C(5)-C(6)  1.467(5) 
C(6)-C(7)  1.389(5) 
C(7)-C(8)  1.378(5) 
C(7)-H(7)  0.9500 
C(8)-C(9)  1.390(5) 
C(8)-H(8)  0.9500 
C(9)-C(10)  1.369(5) 
C(9)-H(9)  0.9500 
C(10)-H(10)  0.9500 
C(11)-C(12)  1.412(4) 
C(11)-C(16)  1.424(4) 
C(12)-C(13)  1.372(5) 
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C(12)-C(17)  1.512(4) 
C(13)-C(14)  1.392(4) 
C(13)-H(13)  0.9500 
C(14)-C(15)  1.391(4) 
C(14)-H(14)  0.9500 
C(15)-C(16)  1.389(4) 
C(15)-H(15)  0.9500 
C(16)-C(20)  1.518(4) 
C(17)-C(18)  1.522(5) 
C(17)-C(19)  1.533(5) 
C(17)-H(17)  1.0000 
C(18)-H(18A)  0.9800 
C(18)-H(18B)  0.9800 
C(18)-H(18C)  0.9800 
C(19)-H(19A)  0.9800 
C(19)-H(19B)  0.9800 
C(19)-H(19C)  0.9800 
C(20)-C(22)  1.527(4) 
C(20)-C(21)  1.535(5) 
C(20)-H(20)  1.0000 
C(21)-H(21A)  0.9800 
C(21)-H(21B)  0.9800 
C(21)-H(21C)  0.9800 
C(22)-H(22A)  0.9800 
C(22)-H(22B)  0.9800 
C(22)-H(22C)  0.9800 
C(23)-C(24)  1.369(5) 
C(23)-C(27)  1.488(4) 
C(24)-C(25)  1.416(5) 
C(24)-H(24)  0.9500 
C(25)-C(26)  1.368(5) 
C(25)-H(25)  0.9500 
C(26)-C(28)  1.491(5) 
C(27)-H(27A)  0.9800 
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C(27)-H(27B)  0.9800 
C(27)-H(27C)  0.9800 
C(28)-H(28A)  0.9800 
C(28)-H(28B)  0.9800 
C(28)-H(28C)  0.9800 
C(29)-C(30)  1.513(5) 
C(30)-C(31)  1.532(4) 
C(30)-C(37)  1.543(5) 
C(30)-C(38)  1.545(5) 
C(31)-C(36)  1.392(5) 
C(31)-C(32)  1.394(5) 
C(32)-C(33)  1.386(5) 
C(32)-H(32)  0.9500 
C(33)-C(34)  1.379(6) 
C(33)-H(33)  0.9500 
C(34)-C(35)  1.392(5) 
C(34)-H(34)  0.9500 
C(35)-C(36)  1.386(5) 
C(35)-H(35)  0.9500 
C(36)-H(36)  0.9500 
C(37)-H(37A)  0.9800 
C(37)-H(37B)  0.9800 
C(37)-H(37C)  0.9800 
C(38)-H(38A)  0.9800 
C(38)-H(38B)  0.9800 
C(38)-H(38C)  0.9800 
 
C(29)-Mo(1)-N(3) 107.91(13) 
C(29)-Mo(1)-N(4) 107.07(13) 
N(3)-Mo(1)-N(4) 98.64(11) 
C(29)-Mo(1)-N(2) 88.93(13) 
N(3)-Mo(1)-N(2) 96.71(10) 
N(4)-Mo(1)-N(2) 153.05(10) 
C(29)-Mo(1)-N(1) 105.36(12) 
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N(3)-Mo(1)-N(1) 144.12(10) 
N(4)-Mo(1)-N(1) 83.95(10) 
N(2)-Mo(1)-N(1) 70.74(9) 
C(1)-N(1)-C(5) 118.6(3) 
C(1)-N(1)-Mo(1) 124.5(2) 
C(5)-N(1)-Mo(1) 116.8(2) 
C(10)-N(2)-C(6) 118.3(3) 
C(10)-N(2)-Mo(1) 120.5(2) 
C(6)-N(2)-Mo(1) 121.3(2) 
C(11)-N(3)-Mo(1) 159.6(2) 
C(26)-N(4)-C(23) 106.3(3) 
C(26)-N(4)-Mo(1) 135.0(2) 
C(23)-N(4)-Mo(1) 118.5(2) 
N(1)-C(1)-C(2) 122.8(3) 
N(1)-C(1)-H(1) 118.6 
C(2)-C(1)-H(1) 118.6 
C(3)-C(2)-C(1) 118.6(3) 
C(3)-C(2)-H(2) 120.7 
C(1)-C(2)-H(2) 120.7 
C(4)-C(3)-C(2) 119.4(3) 
C(4)-C(3)-H(3B) 120.3 
C(2)-C(3)-H(3B) 120.3 
C(3)-C(4)-C(5) 119.7(3) 
C(3)-C(4)-H(4) 120.1 
C(5)-C(4)-H(4) 120.1 
N(1)-C(5)-C(4) 120.8(3) 
N(1)-C(5)-C(6) 115.1(3) 
C(4)-C(5)-C(6) 124.0(3) 
N(2)-C(6)-C(7) 121.2(3) 
N(2)-C(6)-C(5) 115.4(3) 
C(7)-C(6)-C(5) 123.3(3) 
C(8)-C(7)-C(6) 119.7(3) 
C(8)-C(7)-H(7) 120.1 
C(6)-C(7)-H(7) 120.1 
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C(7)-C(8)-C(9) 119.0(3) 
C(7)-C(8)-H(8) 120.5 
C(9)-C(8)-H(8) 120.5 
C(10)-C(9)-C(8) 118.7(3) 
C(10)-C(9)-H(9) 120.6 
C(8)-C(9)-H(9) 120.6 
N(2)-C(10)-C(9) 123.1(3) 
N(2)-C(10)-H(10) 118.5 
C(9)-C(10)-H(10) 118.5 
N(3)-C(11)-C(12) 119.7(3) 
N(3)-C(11)-C(16) 120.4(3) 
C(12)-C(11)-C(16) 119.9(3) 
C(13)-C(12)-C(11) 119.2(3) 
C(13)-C(12)-C(17) 120.9(3) 
C(11)-C(12)-C(17) 119.9(3) 
C(12)-C(13)-C(14) 121.9(3) 
C(12)-C(13)-H(13) 119.0 
C(14)-C(13)-H(13) 119.0 
C(15)-C(14)-C(13) 119.0(3) 
C(15)-C(14)-H(14) 120.5 
C(13)-C(14)-H(14) 120.5 
C(16)-C(15)-C(14) 121.4(3) 
C(16)-C(15)-H(15) 119.3 
C(14)-C(15)-H(15) 119.3 
C(15)-C(16)-C(11) 118.6(3) 
C(15)-C(16)-C(20) 122.3(3) 
C(11)-C(16)-C(20) 119.1(3) 
C(12)-C(17)-C(18) 113.6(3) 
C(12)-C(17)-C(19) 109.4(3) 
C(18)-C(17)-C(19) 111.8(3) 
C(12)-C(17)-H(17) 107.2 
C(18)-C(17)-H(17) 107.2 
C(19)-C(17)-H(17) 107.2 
C(17)-C(18)-H(18A) 109.5 
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C(17)-C(18)-H(18B) 109.5 
H(18A)-C(18)-H(18B) 109.5 
C(17)-C(18)-H(18C) 109.5 
H(18A)-C(18)-H(18C) 109.5 
H(18B)-C(18)-H(18C) 109.5 
C(17)-C(19)-H(19A) 109.5 
C(17)-C(19)-H(19B) 109.5 
H(19A)-C(19)-H(19B) 109.5 
C(17)-C(19)-H(19C) 109.5 
H(19A)-C(19)-H(19C) 109.5 
H(19B)-C(19)-H(19C) 109.5 
C(16)-C(20)-C(22) 113.7(3) 
C(16)-C(20)-C(21) 109.4(3) 
C(22)-C(20)-C(21) 110.6(3) 
C(16)-C(20)-H(20) 107.6 
C(22)-C(20)-H(20) 107.6 
C(21)-C(20)-H(20) 107.6 
C(20)-C(21)-H(21A) 109.5 
C(20)-C(21)-H(21B) 109.5 
H(21A)-C(21)-H(21B) 109.5 
C(20)-C(21)-H(21C) 109.5 
H(21A)-C(21)-H(21C) 109.5 
H(21B)-C(21)-H(21C) 109.5 
C(20)-C(22)-H(22A) 109.5 
C(20)-C(22)-H(22B) 109.5 
H(22A)-C(22)-H(22B) 109.5 
C(20)-C(22)-H(22C) 109.5 
H(22A)-C(22)-H(22C) 109.5 
H(22B)-C(22)-H(22C) 109.5 
C(24)-C(23)-N(4) 109.4(3) 
C(24)-C(23)-C(27) 128.8(3) 
N(4)-C(23)-C(27) 121.7(3) 
C(23)-C(24)-C(25) 107.2(3) 
C(23)-C(24)-H(24) 126.4 
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C(25)-C(24)-H(24) 126.4 
C(26)-C(25)-C(24) 107.4(3) 
C(26)-C(25)-H(25) 126.3 
C(24)-C(25)-H(25) 126.3 
C(25)-C(26)-N(4) 109.6(3) 
C(25)-C(26)-C(28) 128.6(3) 
N(4)-C(26)-C(28) 121.8(3) 
C(23)-C(27)-H(27A) 109.5 
C(23)-C(27)-H(27B) 109.5 
H(27A)-C(27)-H(27B) 109.5 
C(23)-C(27)-H(27C) 109.5 
H(27A)-C(27)-H(27C) 109.5 
H(27B)-C(27)-H(27C) 109.5 
C(26)-C(28)-H(28A) 109.5 
C(26)-C(28)-H(28B) 109.5 
H(28A)-C(28)-H(28B) 109.5 
C(26)-C(28)-H(28C) 109.5 
H(28A)-C(28)-H(28C) 109.5 
H(28B)-C(28)-H(28C) 109.5 
C(30)-C(29)-Mo(1) 161.5(2) 
C(29)-C(30)-C(31) 109.9(3) 
C(29)-C(30)-C(37) 106.3(3) 
C(31)-C(30)-C(37) 112.4(3) 
C(29)-C(30)-C(38) 110.2(3) 
C(31)-C(30)-C(38) 109.1(3) 
C(37)-C(30)-C(38) 109.0(3) 
C(36)-C(31)-C(32) 117.2(3) 
C(36)-C(31)-C(30) 119.4(3) 
C(32)-C(31)-C(30) 123.4(3) 
C(33)-C(32)-C(31) 121.7(4) 
C(33)-C(32)-H(32) 119.1 
C(31)-C(32)-H(32) 119.1 
C(34)-C(33)-C(32) 120.0(4) 
C(34)-C(33)-H(33) 120.0 
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C(32)-C(33)-H(33) 120.0 
C(33)-C(34)-C(35) 119.5(3) 
C(33)-C(34)-H(34) 120.2 
C(35)-C(34)-H(34) 120.2 
C(36)-C(35)-C(34) 119.7(3) 
C(36)-C(35)-H(35) 120.1 
C(34)-C(35)-H(35) 120.1 
C(35)-C(36)-C(31) 121.8(3) 
C(35)-C(36)-H(36) 119.1 
C(31)-C(36)-H(36) 119.1 
C(30)-C(37)-H(37A) 109.5 
C(30)-C(37)-H(37B) 109.5 
H(37A)-C(37)-H(37B) 109.5 
C(30)-C(37)-H(37C) 109.5 
H(37A)-C(37)-H(37C) 109.5 
H(37B)-C(37)-H(37C) 109.5 
C(30)-C(38)-H(38A) 109.5 
C(30)-C(38)-H(38B) 109.5 
H(38A)-C(38)-H(38B) 109.5 
C(30)-C(38)-H(38C) 109.5 
H(38A)-C(38)-H(38C) 109.5 
H(38B)-C(38)-H(38C) 109.5 
_____________________________________________________________  
Symmetry transformations used to generate equivalent atoms:  
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 Table 4.   Anisotropic displacement parameters  (Å2x 103) for C38H44MoN4.  The anisotropic 
displacement factor exponent takes the form:  -2π2[ h2 a*2U11 + ...  + 2 h k a* b* U12 ] 
______________________________________________________________________________  
 U11 U22  U33 U23 U13 U12 
______________________________________________________________________________  
Mo(1) 13(1)  19(1) 20(1)  0(1) -3(1)  0(1) 
N(1) 14(1)  24(1) 29(2)  4(1) 1(1)  0(1) 
N(2) 14(1)  24(1) 22(1)  -2(1) -3(1)  -2(1) 
N(3) 16(1)  22(1) 17(1)  -2(1) -2(1)  -2(1) 
N(4) 16(1)  23(1) 21(1)  -1(1) -1(1)  1(1) 
C(1) 25(2)  25(2) 36(2)  3(1) 4(2)  2(1) 
C(2) 24(2)  26(2) 53(2)  6(2) 10(2)  5(2) 
C(3) 26(2)  37(2) 50(2)  18(2) 0(2)  6(2) 
C(4) 22(2)  38(2) 32(2)  11(2) -2(2)  -2(2) 
C(5) 15(2)  29(2) 30(2)  6(1) -3(1)  -2(1) 
C(6) 16(2)  28(2) 21(2)  3(1) -3(1)  -6(1) 
C(7) 25(2)  39(2) 24(2)  2(2) -2(1)  -7(2) 
C(8) 30(2)  45(2) 26(2)  -8(2) 4(2)  -12(2) 
C(9) 22(2)  30(2) 34(2)  -9(2) 3(2)  -5(2) 
C(10) 17(2)  29(2) 28(2)  -4(1) 0(1)  -4(1) 
C(11) 14(2)  18(2) 23(2)  -2(1) 0(1)  0(1) 
C(12) 17(2)  24(2) 23(2)  0(1) 0(1)  -1(1) 
C(13) 19(2)  32(2) 25(2)  -11(1) 2(1)  0(1) 
C(14) 27(2)  21(2) 27(2)  4(1) 2(1)  4(1) 
C(15) 23(2)  27(2) 21(2)  1(1) 0(1)  4(1) 
C(16) 16(2)  25(2) 20(2)  0(1) -1(1)  0(1) 
C(17) 28(2)  24(2) 19(2)  -1(1) -3(1)  -2(1) 
C(18) 47(2)  29(2) 21(2)  -2(1) 1(2)  -2(2) 
C(19) 26(2)  46(2) 29(2)  2(2) -10(2)  -5(2) 
C(20) 22(2)  24(2) 17(2)  0(1) -2(1)  2(1) 
C(21) 29(2)  28(2) 28(2)  -2(1) 6(2)  1(2) 
C(22) 36(2)  34(2) 23(2)  -3(2) -9(2)  2(2) 
C(23) 16(2)  24(2) 23(2)  4(1) -3(1)  1(1) 
C(24) 19(2)  22(2) 29(2)  5(1) 2(1)  4(1) 
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C(25) 32(2)  22(2) 25(2)  -2(1) 3(2)  1(1) 
C(26) 22(2)  20(2) 21(2)  -1(1) -4(1)  1(1) 
C(27) 15(2)  45(2) 30(2)  -5(2) -4(1)  -3(2) 
C(28) 25(2)  31(2) 35(2)  -12(2) -7(2)  3(2) 
C(29) 18(2)  24(2) 24(2)  0(1) -2(1)  -2(1) 
C(30) 14(2)  33(2) 33(2)  -4(1) -3(1)  -3(1) 
C(31) 15(2)  29(2) 26(2)  -3(1) -9(1)  -1(1) 
C(32) 20(2)  42(2) 34(2)  -1(2) 1(2)  -7(2) 
C(33) 29(2)  50(2) 36(2)  -6(2) 7(2)  4(2) 
C(34) 33(2)  36(2) 46(2)  -12(2) 0(2)  11(2) 
C(35) 25(2)  32(2) 32(2)  2(2) -7(2)  0(2) 
C(36) 14(2)  35(2) 24(2)  -2(1) -2(1)  1(1) 
C(37) 23(2)  34(2) 73(3)  6(2) 10(2)  -3(2) 
C(38) 18(2)  46(2) 50(2)  -19(2) -13(2)  7(2) 
______________________________________________________________________________ 
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 Table 5.   Hydrogen coordinates ( x 104) and isotropic  displacement parameters (Å2x 10 3) 
for C38H44MoN4. 
________________________________________________________________________________  
 x  y  z  U(eq) 
________________________________________________________________________________  
  
H(1) -1516 9734 7612 35 
H(2) -2366 10650 6751 40 
H(3B) -2361 10564 5281 46 
H(4) -1394 9602 4724 37 
H(7) -303 8736 4320 36 
H(8) 844 7760 3975 41 
H(9) 1647 6977 5062 35 
H(10) 1171 7149 6417 30 
H(13) -332 4885 7303 30 
H(14) 241 4642 8736 30 
H(15) 471 5585 9709 28 
H(17) -679 6616 6375 29 
H(18A) 687 5749 6011 49 
H(18B) -444 5805 5295 49 
H(18C) -344 5154 5953 49 
H(19A) -2609 6287 6691 52 
H(19B) -2402 5490 6373 52 
H(19C) -2483 6140 5714 52 
H(20) 415 7437 9187 26 
H(21A) -1670 7255 9220 42 
H(21B) -1066 7603 10089 42 
H(21C) -1385 6769 10049 42 
H(22A) 1830 6781 10106 48 
H(22B) 774 6478 10595 48 
H(22C) 1086 7313 10631 48 
H(24) -3739 8998 8981 28 
H(25) -1973 9469 9981 31 
H(27A) -3968 8221 7574 46 
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H(27B) -2896 7653 7624 46 
H(27C) -2868 8349 7041 46 
H(28A) 389 9377 10061 47 
H(28B) 767 9404 9124 47 
H(28C) 781 8659 9620 47 
H(32) 4089 7765 6802 39 
H(33) 4600 6604 6470 46 
H(34) 3775 5636 7120 46 
H(35) 2475 5843 8144 36 
H(36) 2052 7008 8522 30 
H(37A) 2790 8756 6774 64 
H(37B) 3989 8836 7424 64 
H(37C) 2843 9320 7534 64 
H(38A) 2868 8060 9238 59 
H(38B) 2891 8897 9034 59 
H(38C) 4037 8412 8927 59 
________________________________________________________________________________ 
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 Table 6.  Torsion angles [°] for C38H44MoN4. 
________________________________________________________________  
C(29)-Mo(1)-N(1)-C(1) -94.7(3) 
N(3)-Mo(1)-N(1)-C(1) 107.8(3) 
N(4)-Mo(1)-N(1)-C(1) 11.4(3) 
N(2)-Mo(1)-N(1)-C(1) -178.0(3) 
C(29)-Mo(1)-N(1)-C(5) 90.9(2) 
N(3)-Mo(1)-N(1)-C(5) -66.7(3) 
N(4)-Mo(1)-N(1)-C(5) -163.1(2) 
N(2)-Mo(1)-N(1)-C(5) 7.6(2) 
C(29)-Mo(1)-N(2)-C(10) 66.9(2) 
N(3)-Mo(1)-N(2)-C(10) -41.1(2) 
N(4)-Mo(1)-N(2)-C(10) -165.5(2) 
N(1)-Mo(1)-N(2)-C(10) 173.6(3) 
C(29)-Mo(1)-N(2)-C(6) -112.7(2) 
N(3)-Mo(1)-N(2)-C(6) 139.3(2) 
N(4)-Mo(1)-N(2)-C(6) 14.9(4) 
N(1)-Mo(1)-N(2)-C(6) -6.1(2) 
C(29)-Mo(1)-N(3)-C(11) 7.2(7) 
N(4)-Mo(1)-N(3)-C(11) -104.0(6) 
N(2)-Mo(1)-N(3)-C(11) 98.2(6) 
N(1)-Mo(1)-N(3)-C(11) 164.4(6) 
C(29)-Mo(1)-N(4)-C(26) 2.4(3) 
N(3)-Mo(1)-N(4)-C(26) 114.3(3) 
N(2)-Mo(1)-N(4)-C(26) -121.7(3) 
N(1)-Mo(1)-N(4)-C(26) -101.8(3) 
C(29)-Mo(1)-N(4)-C(23) 176.9(2) 
N(3)-Mo(1)-N(4)-C(23) -71.3(2) 
N(2)-Mo(1)-N(4)-C(23) 52.7(3) 
N(1)-Mo(1)-N(4)-C(23) 72.6(2) 
C(5)-N(1)-C(1)-C(2) 1.0(5) 
Mo(1)-N(1)-C(1)-C(2) -173.4(3) 
N(1)-C(1)-C(2)-C(3) 1.4(5) 
C(1)-C(2)-C(3)-C(4) -2.3(5) 
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C(2)-C(3)-C(4)-C(5) 0.8(5) 
C(1)-N(1)-C(5)-C(4) -2.6(5) 
Mo(1)-N(1)-C(5)-C(4) 172.2(2) 
C(1)-N(1)-C(5)-C(6) 177.0(3) 
Mo(1)-N(1)-C(5)-C(6) -8.2(3) 
C(3)-C(4)-C(5)-N(1) 1.7(5) 
C(3)-C(4)-C(5)-C(6) -177.8(3) 
C(10)-N(2)-C(6)-C(7) 2.3(4) 
Mo(1)-N(2)-C(6)-C(7) -178.1(2) 
C(10)-N(2)-C(6)-C(5) -175.6(3) 
Mo(1)-N(2)-C(6)-C(5) 4.0(4) 
N(1)-C(5)-C(6)-N(2) 3.1(4) 
C(4)-C(5)-C(6)-N(2) -177.4(3) 
N(1)-C(5)-C(6)-C(7) -174.7(3) 
C(4)-C(5)-C(6)-C(7) 4.8(5) 
N(2)-C(6)-C(7)-C(8) -1.3(5) 
C(5)-C(6)-C(7)-C(8) 176.5(3) 
C(6)-C(7)-C(8)-C(9) -1.1(5) 
C(7)-C(8)-C(9)-C(10) 2.3(5) 
C(6)-N(2)-C(10)-C(9) -1.0(5) 
Mo(1)-N(2)-C(10)-C(9) 179.4(2) 
C(8)-C(9)-C(10)-N(2) -1.3(5) 
Mo(1)-N(3)-C(11)-C(12) -123.8(6) 
Mo(1)-N(3)-C(11)-C(16) 58.5(8) 
N(3)-C(11)-C(12)-C(13) -179.5(3) 
C(16)-C(11)-C(12)-C(13) -1.8(5) 
N(3)-C(11)-C(12)-C(17) -0.1(5) 
C(16)-C(11)-C(12)-C(17) 177.6(3) 
C(11)-C(12)-C(13)-C(14) 1.1(5) 
C(17)-C(12)-C(13)-C(14) -178.3(3) 
C(12)-C(13)-C(14)-C(15) 0.0(5) 
C(13)-C(14)-C(15)-C(16) -0.4(5) 
C(14)-C(15)-C(16)-C(11) -0.3(5) 
C(14)-C(15)-C(16)-C(20) 177.1(3) 
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N(3)-C(11)-C(16)-C(15) 179.1(3) 
C(12)-C(11)-C(16)-C(15) 1.4(5) 
N(3)-C(11)-C(16)-C(20) 1.6(4) 
C(12)-C(11)-C(16)-C(20) -176.1(3) 
C(13)-C(12)-C(17)-C(18) -43.2(4) 
C(11)-C(12)-C(17)-C(18) 137.4(3) 
C(13)-C(12)-C(17)-C(19) 82.4(4) 
C(11)-C(12)-C(17)-C(19) -96.9(4) 
C(15)-C(16)-C(20)-C(22) 30.7(5) 
C(11)-C(16)-C(20)-C(22) -151.9(3) 
C(15)-C(16)-C(20)-C(21) -93.5(4) 
C(11)-C(16)-C(20)-C(21) 83.9(4) 
C(26)-N(4)-C(23)-C(24) 1.3(3) 
Mo(1)-N(4)-C(23)-C(24) -174.6(2) 
C(26)-N(4)-C(23)-C(27) -178.6(3) 
Mo(1)-N(4)-C(23)-C(27) 5.5(4) 
N(4)-C(23)-C(24)-C(25) -1.5(4) 
C(27)-C(23)-C(24)-C(25) 178.3(3) 
C(23)-C(24)-C(25)-C(26) 1.1(4) 
C(24)-C(25)-C(26)-N(4) -0.3(4) 
C(24)-C(25)-C(26)-C(28) -178.2(3) 
C(23)-N(4)-C(26)-C(25) -0.5(3) 
Mo(1)-N(4)-C(26)-C(25) 174.4(2) 
C(23)-N(4)-C(26)-C(28) 177.5(3) 
Mo(1)-N(4)-C(26)-C(28) -7.6(5) 
N(3)-Mo(1)-C(29)-C(30) 47.6(8) 
N(4)-Mo(1)-C(29)-C(30) 152.9(8) 
N(2)-Mo(1)-C(29)-C(30) -49.1(8) 
N(1)-Mo(1)-C(29)-C(30) -118.8(8) 
Mo(1)-C(29)-C(30)-C(31) -16.6(9) 
Mo(1)-C(29)-C(30)-C(37) 105.2(8) 
Mo(1)-C(29)-C(30)-C(38) -136.8(7) 
C(29)-C(30)-C(31)-C(36) -54.5(4) 
C(37)-C(30)-C(31)-C(36) -172.6(3) 
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C(38)-C(30)-C(31)-C(36) 66.4(4) 
C(29)-C(30)-C(31)-C(32) 123.4(3) 
C(37)-C(30)-C(31)-C(32) 5.3(4) 
C(38)-C(30)-C(31)-C(32) -115.8(4) 
C(36)-C(31)-C(32)-C(33) -0.9(5) 
C(30)-C(31)-C(32)-C(33) -178.8(3) 
C(31)-C(32)-C(33)-C(34) 1.9(6) 
C(32)-C(33)-C(34)-C(35) -1.0(6) 
C(33)-C(34)-C(35)-C(36) -0.7(5) 
C(34)-C(35)-C(36)-C(31) 1.7(5) 
C(32)-C(31)-C(36)-C(35) -0.9(5) 
C(30)-C(31)-C(36)-C(35) 177.1(3) 
________________________________________________________________  
Symmetry transformations used to generate equivalent atoms:  
 
Crstyal structure data for alkylidyne 4.14: 
N
N
N
Mo
Ph
N
 
  Table 1.  Crystal data and structure refinement for C40H44MoN4. 
Identification code  C40H44MoN4 
Empirical formula  C40 H44 Mo N4 
Formula weight  676.73 
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  P2(1)/n 
Unit cell dimensions a = 11.358(2) Å α= 90°. 
 b = 18.664(4) Å β= 97.103(9)°. 
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 c = 16.297(3) Å γ = 90°. 
Volume 3428.0(11) Å3 
Z 4 
Density (calculated) 1.311 Mg/m3 
Absorption coefficient 0.416 mm-1 
F(000) 1416 
Crystal size 0.15 x 0.12 x 0.06 mm3 
Theta range for data collection 1.67 to 27.00°. 
Index ranges -14<=h<=14, -23<=k<=23, -20<=l<=20 
Reflections collected 53171 
Independent reflections 7473 [R(int) = 0.0306] 
Completeness to theta = 27.00° 99.9 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.9755 and 0.9402 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 7473 / 0 / 406 
Goodness-of-fit on F2 1.071 
Final R indices [I>2sigma(I)] R1 = 0.0235, wR2 = 0.0551 
R indices (all data) R1 = 0.0303, wR2 = 0.0583 
Extinction coefficient na 
Largest diff. peak and hole 0.359 and -0.377 e.Å-3 
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 Table 2.  Atomic coordinates  ( x 104) and equivalent  isotropic displacement parameters (Å2x 103) 
for C40H44MoN4.  U(eq) is defined as one third of  the trace of the orthogonalized Uij tensor. 
________________________________________________________________________________  
 x y z U(eq) 
________________________________________________________________________________   
Mo(1) 10331(1) 1875(1) 2492(1) 14(1) 
N(1) 11090(1) 870(1) 3217(1) 18(1) 
N(2) 9896(1) 1958(1) 3783(1) 18(1) 
N(3) 10566(1) 2821(1) 2337(1) 16(1) 
N(4) 11300(1) 1466(1) 1578(1) 18(1) 
C(1) 11657(1) 319(1) 2921(1) 23(1) 
C(2) 12170(2) -235(1) 3426(1) 28(1) 
C(3) 12105(2) -217(1) 4257(1) 28(1) 
C(4) 11498(1) 345(1) 4595(1) 23(1) 
C(5) 11331(2) 396(1) 5451(1) 29(1) 
C(6) 10675(2) 925(1) 5728(1) 28(1) 
C(7) 10145(1) 1470(1) 5182(1) 22(1) 
C(8) 9423(2) 2026(1) 5428(1) 27(1) 
C(9) 8952(2) 2519(1) 4856(1) 25(1) 
C(10) 9213(1) 2474(1) 4042(1) 21(1) 
C(11) 10339(1) 1453(1) 4345(1) 18(1) 
C(12) 11001(1) 877(1) 4045(1) 19(1) 
C(13) 10334(1) 3521(1) 2091(1) 15(1) 
C(14) 10484(1) 4082(1) 2684(1) 17(1) 
C(15) 10260(1) 4784(1) 2426(1) 20(1) 
C(16) 9889(2) 4946(1) 1600(1) 22(1) 
C(17) 9751(1) 4398(1) 1020(1) 20(1) 
C(18) 9969(1) 3686(1) 1243(1) 16(1) 
C(19) 10922(1) 3904(1) 3580(1) 20(1) 
C(20) 10308(2) 4339(1) 4198(1) 28(1) 
C(21) 12275(2) 3984(1) 3738(1) 30(1) 
C(22) 9881(1) 3086(1) 608(1) 19(1) 
C(23) 11113(2) 2930(1) 355(1) 25(1) 
C(24) 8971(2) 3225(1) -151(1) 29(1) 
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C(25) 12533(1) 1516(1) 1698(1) 19(1) 
C(26) 12996(2) 1148(1) 1084(1) 24(1) 
C(27) 12026(2) 863(1) 553(1) 25(1) 
C(28) 11007(2) 1062(1) 866(1) 21(1) 
C(29) 13181(2) 1928(1) 2400(1) 28(1) 
C(30) 9752(2) 920(1) 514(1) 30(1) 
C(31) 8822(1) 1687(1) 2156(1) 20(1) 
C(32) 7482(1) 1750(1) 2012(1) 25(1) 
C(33) 7114(1) 2454(1) 2395(1) 22(1) 
C(34) 6364(2) 2494(1) 3012(1) 30(1) 
C(35) 6104(2) 3150(1) 3352(1) 37(1) 
C(36) 6604(2) 3777(1) 3104(1) 34(1) 
C(37) 7353(2) 3747(1) 2496(1) 26(1) 
C(38) 7584(1) 3095(1) 2139(1) 21(1) 
C(39) 6972(2) 1090(1) 2408(2) 44(1) 
C(40) 7044(2) 1749(1) 1077(1) 36(1) 
________________________________________________________________________________ 
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 Table 3.   Bond lengths [Å] and angles [°] for  C40H44MoN4. 
_____________________________________________________  
Mo(1)-C(31)  1.7694(16) 
Mo(1)-N(3)  1.8084(14) 
Mo(1)-N(4)  2.1028(13) 
Mo(1)-N(2)  2.2238(13) 
Mo(1)-N(1)  2.3255(13) 
N(1)-C(1)  1.335(2) 
N(1)-C(12)  1.365(2) 
N(2)-C(10)  1.339(2) 
N(2)-C(11)  1.366(2) 
N(3)-C(13)  1.381(2) 
N(4)-C(28)  1.390(2) 
N(4)-C(25)  1.393(2) 
C(1)-C(2)  1.402(2) 
C(1)-H(1)  0.9500 
C(2)-C(3)  1.367(3) 
C(2)-H(2)  0.9500 
C(3)-C(4)  1.404(3) 
C(3)-H(3)  0.9500 
C(4)-C(12)  1.408(2) 
C(4)-C(5)  1.435(2) 
C(5)-C(6)  1.348(3) 
C(5)-H(5)  0.9500 
C(6)-C(7)  1.434(2) 
C(6)-H(6)  0.9500 
C(7)-C(11)  1.408(2) 
C(7)-C(8)  1.411(3) 
C(8)-C(9)  1.372(3) 
C(8)-H(8)  0.9500 
C(9)-C(10)  1.397(2) 
C(9)-H(9)  0.9500 
C(10)-H(10)  0.9500 
C(11)-C(12)  1.432(2) 
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C(13)-C(14)  1.421(2) 
C(13)-C(18)  1.427(2) 
C(14)-C(15)  1.391(2) 
C(14)-C(19)  1.519(2) 
C(15)-C(16)  1.392(2) 
C(15)-H(15)  0.9500 
C(16)-C(17)  1.388(2) 
C(16)-H(16)  0.9500 
C(17)-C(18)  1.392(2) 
C(17)-H(17)  0.9500 
C(18)-C(22)  1.519(2) 
C(19)-C(20)  1.528(2) 
C(19)-C(21)  1.533(2) 
C(19)-H(19)  1.0000 
C(20)-H(20A)  0.9800 
C(20)-H(20B)  0.9800 
C(20)-H(20C)  0.9800 
C(21)-H(21A)  0.9800 
C(21)-H(21B)  0.9800 
C(21)-H(21C)  0.9800 
C(22)-C(24)  1.533(2) 
C(22)-C(23)  1.535(2) 
C(22)-H(22)  1.0000 
C(23)-H(23A)  0.9800 
C(23)-H(23B)  0.9800 
C(23)-H(23C)  0.9800 
C(24)-H(24A)  0.9800 
C(24)-H(24B)  0.9800 
C(24)-H(24C)  0.9800 
C(25)-C(26)  1.371(2) 
C(25)-C(29)  1.494(2) 
C(26)-C(27)  1.417(2) 
C(26)-H(26)  0.9500 
C(27)-C(28)  1.373(2) 
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C(27)-H(27)  0.9500 
C(28)-C(30)  1.492(2) 
C(29)-H(29A)  0.9800 
C(29)-H(29B)  0.9800 
C(29)-H(29C)  0.9800 
C(30)-H(30A)  0.9800 
C(30)-H(30B)  0.9800 
C(30)-H(30C)  0.9800 
C(31)-C(32)  1.515(2) 
C(32)-C(33)  1.535(2) 
C(32)-C(39)  1.535(3) 
C(32)-C(40)  1.544(3) 
C(33)-C(38)  1.394(2) 
C(33)-C(34)  1.398(2) 
C(34)-C(35)  1.390(3) 
C(34)-H(34)  0.9500 
C(35)-C(36)  1.382(3) 
C(35)-H(35)  0.9500 
C(36)-C(37)  1.386(3) 
C(36)-H(36)  0.9500 
C(37)-C(38)  1.388(2) 
C(37)-H(37)  0.9500 
C(38)-H(38)  0.9500 
C(39)-H(39A)  0.9800 
C(39)-H(39B)  0.9800 
C(39)-H(39C)  0.9800 
C(40)-H(40A)  0.9800 
C(40)-H(40B)  0.9800 
C(40)-H(40C)  0.9800 
 
C(31)-Mo(1)-N(3) 107.70(7) 
C(31)-Mo(1)-N(4) 106.26(6) 
N(3)-Mo(1)-N(4) 98.95(5) 
C(31)-Mo(1)-N(2) 89.27(6) 
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N(3)-Mo(1)-N(2) 96.83(5) 
N(4)-Mo(1)-N(2) 153.17(5) 
C(31)-Mo(1)-N(1) 106.36(6) 
N(3)-Mo(1)-N(1) 143.85(5) 
N(4)-Mo(1)-N(1) 82.75(5) 
N(2)-Mo(1)-N(1) 71.78(5) 
C(1)-N(1)-C(12) 117.55(14) 
C(1)-N(1)-Mo(1) 127.08(11) 
C(12)-N(1)-Mo(1) 115.23(10) 
C(10)-N(2)-C(11) 117.69(14) 
C(10)-N(2)-Mo(1) 123.63(11) 
C(11)-N(2)-Mo(1) 118.68(10) 
C(13)-N(3)-Mo(1) 159.60(11) 
C(28)-N(4)-C(25) 106.68(13) 
C(28)-N(4)-Mo(1) 134.16(11) 
C(25)-N(4)-Mo(1) 118.74(10) 
N(1)-C(1)-C(2) 122.68(16) 
N(1)-C(1)-H(1) 118.7 
C(2)-C(1)-H(1) 118.7 
C(3)-C(2)-C(1) 119.60(17) 
C(3)-C(2)-H(2) 120.2 
C(1)-C(2)-H(2) 120.2 
C(2)-C(3)-C(4) 119.73(16) 
C(2)-C(3)-H(3) 120.1 
C(4)-C(3)-H(3) 120.1 
C(3)-C(4)-C(12) 117.09(16) 
C(3)-C(4)-C(5) 124.10(16) 
C(12)-C(4)-C(5) 118.79(16) 
C(6)-C(5)-C(4) 121.21(16) 
C(6)-C(5)-H(5) 119.4 
C(4)-C(5)-H(5) 119.4 
C(5)-C(6)-C(7) 121.31(16) 
C(5)-C(6)-H(6) 119.3 
C(7)-C(6)-H(6) 119.3 
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C(11)-C(7)-C(8) 117.31(16) 
C(11)-C(7)-C(6) 118.74(16) 
C(8)-C(7)-C(6) 123.95(16) 
C(9)-C(8)-C(7) 119.44(16) 
C(9)-C(8)-H(8) 120.3 
C(7)-C(8)-H(8) 120.3 
C(8)-C(9)-C(10) 119.62(16) 
C(8)-C(9)-H(9) 120.2 
C(10)-C(9)-H(9) 120.2 
N(2)-C(10)-C(9) 122.87(16) 
N(2)-C(10)-H(10) 118.6 
C(9)-C(10)-H(10) 118.6 
N(2)-C(11)-C(7) 123.01(15) 
N(2)-C(11)-C(12) 117.04(14) 
C(7)-C(11)-C(12) 119.94(15) 
N(1)-C(12)-C(4) 123.32(15) 
N(1)-C(12)-C(11) 116.75(14) 
C(4)-C(12)-C(11) 119.92(15) 
N(3)-C(13)-C(14) 119.79(13) 
N(3)-C(13)-C(18) 120.43(13) 
C(14)-C(13)-C(18) 119.76(14) 
C(15)-C(14)-C(13) 119.07(14) 
C(15)-C(14)-C(19) 121.58(14) 
C(13)-C(14)-C(19) 119.32(14) 
C(14)-C(15)-C(16) 121.31(15) 
C(14)-C(15)-H(15) 119.3 
C(16)-C(15)-H(15) 119.3 
C(17)-C(16)-C(15) 119.57(15) 
C(17)-C(16)-H(16) 120.2 
C(15)-C(16)-H(16) 120.2 
C(16)-C(17)-C(18) 121.64(15) 
C(16)-C(17)-H(17) 119.2 
C(18)-C(17)-H(17) 119.2 
C(17)-C(18)-C(13) 118.64(14) 
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C(17)-C(18)-C(22) 122.10(14) 
C(13)-C(18)-C(22) 119.21(14) 
C(14)-C(19)-C(20) 113.24(14) 
C(14)-C(19)-C(21) 109.99(13) 
C(20)-C(19)-C(21) 111.54(14) 
C(14)-C(19)-H(19) 107.3 
C(20)-C(19)-H(19) 107.3 
C(21)-C(19)-H(19) 107.3 
C(19)-C(20)-H(20A) 109.5 
C(19)-C(20)-H(20B) 109.5 
H(20A)-C(20)-H(20B) 109.5 
C(19)-C(20)-H(20C) 109.5 
H(20A)-C(20)-H(20C) 109.5 
H(20B)-C(20)-H(20C) 109.5 
C(19)-C(21)-H(21A) 109.5 
C(19)-C(21)-H(21B) 109.5 
H(21A)-C(21)-H(21B) 109.5 
C(19)-C(21)-H(21C) 109.5 
H(21A)-C(21)-H(21C) 109.5 
H(21B)-C(21)-H(21C) 109.5 
C(18)-C(22)-C(24) 113.96(14) 
C(18)-C(22)-C(23) 109.75(13) 
C(24)-C(22)-C(23) 111.20(14) 
C(18)-C(22)-H(22) 107.2 
C(24)-C(22)-H(22) 107.2 
C(23)-C(22)-H(22) 107.2 
C(22)-C(23)-H(23A) 109.5 
C(22)-C(23)-H(23B) 109.5 
H(23A)-C(23)-H(23B) 109.5 
C(22)-C(23)-H(23C) 109.5 
H(23A)-C(23)-H(23C) 109.5 
H(23B)-C(23)-H(23C) 109.5 
C(22)-C(24)-H(24A) 109.5 
C(22)-C(24)-H(24B) 109.5 
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H(24A)-C(24)-H(24B) 109.5 
C(22)-C(24)-H(24C) 109.5 
H(24A)-C(24)-H(24C) 109.5 
H(24B)-C(24)-H(24C) 109.5 
C(26)-C(25)-N(4) 109.46(14) 
C(26)-C(25)-C(29) 128.24(16) 
N(4)-C(25)-C(29) 122.29(14) 
C(25)-C(26)-C(27) 107.14(15) 
C(25)-C(26)-H(26) 126.4 
C(27)-C(26)-H(26) 126.4 
C(28)-C(27)-C(26) 107.41(15) 
C(28)-C(27)-H(27) 126.3 
C(26)-C(27)-H(27) 126.3 
C(27)-C(28)-N(4) 109.31(15) 
C(27)-C(28)-C(30) 128.24(16) 
N(4)-C(28)-C(30) 122.38(15) 
C(25)-C(29)-H(29A) 109.5 
C(25)-C(29)-H(29B) 109.5 
H(29A)-C(29)-H(29B) 109.5 
C(25)-C(29)-H(29C) 109.5 
H(29A)-C(29)-H(29C) 109.5 
H(29B)-C(29)-H(29C) 109.5 
C(28)-C(30)-H(30A) 109.5 
C(28)-C(30)-H(30B) 109.5 
H(30A)-C(30)-H(30B) 109.5 
C(28)-C(30)-H(30C) 109.5 
H(30A)-C(30)-H(30C) 109.5 
H(30B)-C(30)-H(30C) 109.5 
C(32)-C(31)-Mo(1) 161.58(13) 
C(31)-C(32)-C(33) 108.78(13) 
C(31)-C(32)-C(39) 107.32(14) 
C(33)-C(32)-C(39) 112.37(16) 
C(31)-C(32)-C(40) 110.31(15) 
C(33)-C(32)-C(40) 109.31(14) 
Chapter 4 
Page 442  
C(39)-C(32)-C(40) 108.74(16) 
C(38)-C(33)-C(34) 117.36(17) 
C(38)-C(33)-C(32) 118.67(15) 
C(34)-C(33)-C(32) 123.93(16) 
C(35)-C(34)-C(33) 120.77(18) 
C(35)-C(34)-H(34) 119.6 
C(33)-C(34)-H(34) 119.6 
C(36)-C(35)-C(34) 120.96(17) 
C(36)-C(35)-H(35) 119.5 
C(34)-C(35)-H(35) 119.5 
C(35)-C(36)-C(37) 118.99(18) 
C(35)-C(36)-H(36) 120.5 
C(37)-C(36)-H(36) 120.5 
C(36)-C(37)-C(38) 120.05(18) 
C(36)-C(37)-H(37) 120.0 
C(38)-C(37)-H(37) 120.0 
C(37)-C(38)-C(33) 121.82(16) 
C(37)-C(38)-H(38) 119.1 
C(33)-C(38)-H(38) 119.1 
C(32)-C(39)-H(39A) 109.5 
C(32)-C(39)-H(39B) 109.5 
H(39A)-C(39)-H(39B) 109.5 
C(32)-C(39)-H(39C) 109.5 
H(39A)-C(39)-H(39C) 109.5 
H(39B)-C(39)-H(39C) 109.5 
C(32)-C(40)-H(40A) 109.5 
C(32)-C(40)-H(40B) 109.5 
H(40A)-C(40)-H(40B) 109.5 
C(32)-C(40)-H(40C) 109.5 
H(40A)-C(40)-H(40C) 109.5 
H(40B)-C(40)-H(40C) 109.5 
_____________________________________________________________  
Symmetry transformations used to generate equivalent atoms:  
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 Table 4.   Anisotropic displacement parameters  (Å2x 103) for C40H44MoN4.  The anisotropic 
displacement factor exponent takes the form:  -2π2[ h2 a*2U11 + ...  + 2 h k a* b* U12 ] 
______________________________________________________________________________  
 U11 U22  U33 U23 U13 U12 
______________________________________________________________________________  
Mo(1) 13(1)  14(1) 15(1)  0(1) 1(1)  0(1) 
N(1) 15(1)  18(1) 22(1)  2(1) 3(1)  0(1) 
N(2) 13(1)  19(1) 20(1)  -2(1) 2(1)  -2(1) 
N(3) 14(1)  18(1) 15(1)  -2(1) 2(1)  -1(1) 
N(4) 18(1)  18(1) 17(1)  0(1) 2(1)  1(1) 
C(1) 19(1)  22(1) 30(1)  3(1) 8(1)  2(1) 
C(2) 20(1)  22(1) 44(1)  7(1) 10(1)  5(1) 
C(3) 18(1)  26(1) 41(1)  15(1) 1(1)  2(1) 
C(4) 14(1)  26(1) 29(1)  9(1) -2(1)  -5(1) 
C(5) 22(1)  37(1) 26(1)  13(1) -6(1)  -8(1) 
C(6) 24(1)  41(1) 18(1)  5(1) -2(1)  -12(1) 
C(7) 16(1)  31(1) 20(1)  -2(1) 1(1)  -10(1) 
C(8) 24(1)  38(1) 20(1)  -8(1) 7(1)  -12(1) 
C(9) 19(1)  29(1) 29(1)  -11(1) 8(1)  -5(1) 
C(10) 16(1)  22(1) 26(1)  -4(1) 3(1)  -3(1) 
C(11) 13(1)  21(1) 20(1)  1(1) 0(1)  -6(1) 
C(12) 13(1)  21(1) 22(1)  3(1) 1(1)  -5(1) 
C(13) 11(1)  17(1) 18(1)  0(1) 2(1)  0(1) 
C(14) 14(1)  20(1) 17(1)  -1(1) 3(1)  -1(1) 
C(15) 21(1)  18(1) 22(1)  -3(1) 4(1)  1(1) 
C(16) 23(1)  17(1) 25(1)  3(1) 4(1)  3(1) 
C(17) 18(1)  23(1) 18(1)  3(1) 2(1)  1(1) 
C(18) 12(1)  19(1) 18(1)  0(1) 2(1)  -1(1) 
C(19) 24(1)  18(1) 17(1)  -2(1) 0(1)  -1(1) 
C(20) 39(1)  28(1) 19(1)  -2(1) 6(1)  2(1) 
C(21) 25(1)  39(1) 23(1)  1(1) -4(1)  -1(1) 
C(22) 21(1)  19(1) 16(1)  0(1) 1(1)  -2(1) 
C(23) 28(1)  25(1) 23(1)  -6(1) 8(1)  -2(1) 
C(24) 35(1)  29(1) 21(1)  0(1) -7(1)  -2(1) 
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C(25) 19(1)  19(1) 20(1)  5(1) 4(1)  2(1) 
C(26) 24(1)  22(1) 27(1)  8(1) 10(1)  7(1) 
C(27) 36(1)  21(1) 20(1)  1(1) 7(1)  7(1) 
C(28) 28(1)  15(1) 19(1)  0(1) 0(1)  4(1) 
C(29) 17(1)  38(1) 30(1)  -1(1) 2(1)  -3(1) 
C(30) 33(1)  26(1) 30(1)  -11(1) -6(1)  3(1) 
C(31) 19(1)  18(1) 21(1)  1(1) 2(1)  -2(1) 
C(32) 15(1)  25(1) 34(1)  0(1) -1(1)  -4(1) 
C(33) 13(1)  29(1) 24(1)  3(1) -2(1)  1(1) 
C(34) 20(1)  42(1) 28(1)  11(1) 3(1)  0(1) 
C(35) 30(1)  58(1) 24(1)  5(1) 8(1)  14(1) 
C(36) 36(1)  40(1) 25(1)  -5(1) -2(1)  14(1) 
C(37) 23(1)  28(1) 26(1)  1(1) -5(1)  3(1) 
C(38) 13(1)  28(1) 22(1)  2(1) 0(1)  1(1) 
C(39) 24(1)  29(1) 79(2)  7(1) 11(1)  -7(1) 
C(40) 24(1)  42(1) 39(1)  -15(1) -11(1)  5(1) 
______________________________________________________________________________ 
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 Table 5.   Hydrogen coordinates ( x 104) and isotropic  displacement parameters (Å2x 10 3) 
for C40H44MoN4. 
________________________________________________________________________________  
 x  y  z  U(eq) 
________________________________________________________________________________  
  
H(1) 11715 301 2345 28 
H(2) 12561 -620 3191 34 
H(3) 12470 -583 4606 34 
H(5) 11690 50 5831 35 
H(6) 10561 938 6295 34 
H(8) 9264 2057 5986 33 
H(9) 8450 2890 5012 30 
H(10) 8892 2826 3656 25 
H(15) 10361 5161 2820 24 
H(16) 9732 5428 1435 26 
H(17) 9502 4512 458 23 
H(19) 10735 3388 3667 24 
H(20A) 9447 4273 4083 42 
H(20B) 10501 4848 4146 42 
H(20C) 10582 4176 4761 42 
H(21A) 12641 3697 3334 45 
H(21B) 12560 3819 4298 45 
H(21C) 12489 4489 3681 45 
H(22) 9621 2646 885 22 
H(23A) 11676 2842 851 38 
H(23B) 11379 3342 54 38 
H(23C) 11070 2505 -2 38 
H(24A) 8194 3323 28 44 
H(24B) 8914 2802 -510 44 
H(24C) 9222 3638 -457 44 
H(26) 13813 1094 1026 28 
H(27) 12073 585 70 31 
H(29A) 14037 1896 2374 42 
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H(29B) 12998 1726 2925 42 
H(29C) 12934 2431 2362 42 
H(30A) 9740 625 16 46 
H(30B) 9349 1376 372 46 
H(30C) 9344 667 924 46 
H(34) 6029 2068 3202 36 
H(35) 5575 3168 3760 44 
H(36) 6436 4222 3348 41 
H(37) 7709 4173 2323 32 
H(38) 8077 3085 1708 25 
H(39A) 7242 1086 3003 66 
H(39B) 7245 654 2155 66 
H(39C) 6104 1110 2319 66 
H(40A) 7276 1299 832 55 
H(40B) 7399 2153 812 55 
H(40C) 6178 1794 993 55 
________________________________________________________________________________ 
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 Table 6.  Torsion angles [°] for C40H44MoN4. 
________________________________________________________________  
C(31)-Mo(1)-N(1)-C(1) 94.33(14) 
N(3)-Mo(1)-N(1)-C(1) -105.80(15) 
N(4)-Mo(1)-N(1)-C(1) -10.55(13) 
N(2)-Mo(1)-N(1)-C(1) 177.98(14) 
C(31)-Mo(1)-N(1)-C(12) -90.09(12) 
N(3)-Mo(1)-N(1)-C(12) 69.78(14) 
N(4)-Mo(1)-N(1)-C(12) 165.03(11) 
N(2)-Mo(1)-N(1)-C(12) -6.44(10) 
C(31)-Mo(1)-N(2)-C(10) -66.70(13) 
N(3)-Mo(1)-N(2)-C(10) 41.05(13) 
N(4)-Mo(1)-N(2)-C(10) 166.78(12) 
N(1)-Mo(1)-N(2)-C(10) -174.20(13) 
C(31)-Mo(1)-N(2)-C(11) 112.73(12) 
N(3)-Mo(1)-N(2)-C(11) -139.53(11) 
N(4)-Mo(1)-N(2)-C(11) -13.79(18) 
N(1)-Mo(1)-N(2)-C(11) 5.23(10) 
C(31)-Mo(1)-N(3)-C(13) -5.2(3) 
N(4)-Mo(1)-N(3)-C(13) 105.1(3) 
N(2)-Mo(1)-N(3)-C(13) -96.6(3) 
N(1)-Mo(1)-N(3)-C(13) -164.9(3) 
C(31)-Mo(1)-N(4)-C(28) -6.22(16) 
N(3)-Mo(1)-N(4)-C(28) -117.72(15) 
N(2)-Mo(1)-N(4)-C(28) 116.96(15) 
N(1)-Mo(1)-N(4)-C(28) 98.77(15) 
C(31)-Mo(1)-N(4)-C(25) -177.58(11) 
N(3)-Mo(1)-N(4)-C(25) 70.91(12) 
N(2)-Mo(1)-N(4)-C(25) -54.41(17) 
N(1)-Mo(1)-N(4)-C(25) -72.59(11) 
C(12)-N(1)-C(1)-C(2) -1.1(2) 
Mo(1)-N(1)-C(1)-C(2) 174.44(12) 
N(1)-C(1)-C(2)-C(3) -0.5(3) 
C(1)-C(2)-C(3)-C(4) 1.7(3) 
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C(2)-C(3)-C(4)-C(12) -1.3(2) 
C(2)-C(3)-C(4)-C(5) 177.00(16) 
C(3)-C(4)-C(5)-C(6) -175.78(17) 
C(12)-C(4)-C(5)-C(6) 2.5(2) 
C(4)-C(5)-C(6)-C(7) -1.8(3) 
C(5)-C(6)-C(7)-C(11) -1.2(2) 
C(5)-C(6)-C(7)-C(8) 178.15(16) 
C(11)-C(7)-C(8)-C(9) -0.3(2) 
C(6)-C(7)-C(8)-C(9) -179.64(16) 
C(7)-C(8)-C(9)-C(10) -1.4(2) 
C(11)-N(2)-C(10)-C(9) 0.7(2) 
Mo(1)-N(2)-C(10)-C(9) -179.84(12) 
C(8)-C(9)-C(10)-N(2) 1.2(2) 
C(10)-N(2)-C(11)-C(7) -2.6(2) 
Mo(1)-N(2)-C(11)-C(7) 177.99(11) 
C(10)-N(2)-C(11)-C(12) 175.92(14) 
Mo(1)-N(2)-C(11)-C(12) -3.54(18) 
C(8)-C(7)-C(11)-N(2) 2.4(2) 
C(6)-C(7)-C(11)-N(2) -178.29(14) 
C(8)-C(7)-C(11)-C(12) -176.07(14) 
C(6)-C(7)-C(11)-C(12) 3.3(2) 
C(1)-N(1)-C(12)-C(4) 1.5(2) 
Mo(1)-N(1)-C(12)-C(4) -174.55(12) 
C(1)-N(1)-C(12)-C(11) -176.95(14) 
Mo(1)-N(1)-C(12)-C(11) 7.02(17) 
C(3)-C(4)-C(12)-N(1) -0.3(2) 
C(5)-C(4)-C(12)-N(1) -178.72(15) 
C(3)-C(4)-C(12)-C(11) 178.08(15) 
C(5)-C(4)-C(12)-C(11) -0.3(2) 
N(2)-C(11)-C(12)-N(1) -2.6(2) 
C(7)-C(11)-C(12)-N(1) 175.95(14) 
N(2)-C(11)-C(12)-C(4) 178.95(14) 
C(7)-C(11)-C(12)-C(4) -2.5(2) 
Mo(1)-N(3)-C(13)-C(14) 123.2(3) 
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Mo(1)-N(3)-C(13)-C(18) -58.2(4) 
N(3)-C(13)-C(14)-C(15) 179.28(14) 
C(18)-C(13)-C(14)-C(15) 0.7(2) 
N(3)-C(13)-C(14)-C(19) 1.1(2) 
C(18)-C(13)-C(14)-C(19) -177.47(13) 
C(13)-C(14)-C(15)-C(16) 0.1(2) 
C(19)-C(14)-C(15)-C(16) 178.24(15) 
C(14)-C(15)-C(16)-C(17) -0.6(2) 
C(15)-C(16)-C(17)-C(18) 0.3(2) 
C(16)-C(17)-C(18)-C(13) 0.5(2) 
C(16)-C(17)-C(18)-C(22) -176.86(15) 
N(3)-C(13)-C(18)-C(17) -179.58(14) 
C(14)-C(13)-C(18)-C(17) -1.0(2) 
N(3)-C(13)-C(18)-C(22) -2.1(2) 
C(14)-C(13)-C(18)-C(22) 176.45(14) 
C(15)-C(14)-C(19)-C(20) 41.1(2) 
C(13)-C(14)-C(19)-C(20) -140.77(15) 
C(15)-C(14)-C(19)-C(21) -84.41(19) 
C(13)-C(14)-C(19)-C(21) 93.68(17) 
C(17)-C(18)-C(22)-C(24) -30.4(2) 
C(13)-C(18)-C(22)-C(24) 152.28(15) 
C(17)-C(18)-C(22)-C(23) 95.08(17) 
C(13)-C(18)-C(22)-C(23) -82.26(17) 
C(28)-N(4)-C(25)-C(26) -0.53(17) 
Mo(1)-N(4)-C(25)-C(26) 173.02(10) 
C(28)-N(4)-C(25)-C(29) 178.72(15) 
Mo(1)-N(4)-C(25)-C(29) -7.7(2) 
N(4)-C(25)-C(26)-C(27) 0.67(18) 
C(29)-C(25)-C(26)-C(27) -178.52(16) 
C(25)-C(26)-C(27)-C(28) -0.56(19) 
C(26)-C(27)-C(28)-N(4) 0.24(19) 
C(26)-C(27)-C(28)-C(30) 177.30(17) 
C(25)-N(4)-C(28)-C(27) 0.16(18) 
Mo(1)-N(4)-C(28)-C(27) -171.94(12) 
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C(25)-N(4)-C(28)-C(30) -177.10(15) 
Mo(1)-N(4)-C(28)-C(30) 10.8(2) 
N(3)-Mo(1)-C(31)-C(32) -42.5(4) 
N(4)-Mo(1)-C(31)-C(32) -147.7(4) 
N(2)-Mo(1)-C(31)-C(32) 54.5(4) 
N(1)-Mo(1)-C(31)-C(32) 125.2(4) 
Mo(1)-C(31)-C(32)-C(33) 2.6(5) 
Mo(1)-C(31)-C(32)-C(39) -119.2(4) 
Mo(1)-C(31)-C(32)-C(40) 122.4(4) 
C(31)-C(32)-C(33)-C(38) 56.59(19) 
C(39)-C(32)-C(33)-C(38) 175.27(15) 
C(40)-C(32)-C(33)-C(38) -63.91(19) 
C(31)-C(32)-C(33)-C(34) -120.85(17) 
C(39)-C(32)-C(33)-C(34) -2.2(2) 
C(40)-C(32)-C(33)-C(34) 118.65(18) 
C(38)-C(33)-C(34)-C(35) 0.1(2) 
C(32)-C(33)-C(34)-C(35) 177.57(16) 
C(33)-C(34)-C(35)-C(36) -1.8(3) 
C(34)-C(35)-C(36)-C(37) 1.4(3) 
C(35)-C(36)-C(37)-C(38) 0.6(3) 
C(36)-C(37)-C(38)-C(33) -2.3(2) 
C(34)-C(33)-C(38)-C(37) 1.9(2) 
C(32)-C(33)-C(38)-C(37) -175.71(14) 
________________________________________________________________  
Symmetry transformations used to generate equivalent atoms:  
  
Crystal structure data for alkylidyne 4.15: 
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  Table 1.  Crystal data and structure refinement for C38H42MoN4. 
Identification code  C38H42MoN4 
Empirical formula  C38 H42 Mo N4 
Formula weight  650.70 
Temperature  143(2) K 
Wavelength  0.71073 Å 
Crystal system  Triclinic 
Space group  P-1 
Unit cell dimensions a = 10.3735(4) Å α= 92.874(2)°. 
 b = 17.0831(6) Å β= 96.745(2)°. 
 c = 18.5320(7) Å γ = 107.532(2)°. 
Volume 3097.2(2) Å3 
Z 4 
Density (calculated) 1.395 Mg/m3 
Absorption coefficient 0.457 mm-1 
F(000) 1360 
Crystal size 0.18 x 0.06 x 0.04 mm3 
Theta range for data collection 1.60 to 28.28°. 
Index ranges -13<=h<=13, -22<=k<=21, -24<=l<=24 
Reflections collected 106497 
Independent reflections 15354 [R(int) = 0.0315] 
Completeness to theta = 28.28° 100.0 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.9819 and 0.9222 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 15354 / 7 / 868 
Goodness-of-fit on F2 1.030 
Final R indices [I>2sigma(I)] R1 = 0.0229, wR2 = 0.0570 
R indices (all data) R1 = 0.0300, wR2 = 0.0609 
Extinction coefficient na 
Largest diff. peak and hole 0.399 and -0.383 e.Å-3 
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 Table 2.  Atomic coordinates  ( x 104) and equivalent  isotropic displacement parameters (Å2x 103) 
for C38H42MoN4.  U(eq) is defined as one third of  the trace of the orthogonalized Uij tensor. 
________________________________________________________________________________  
 x y z U(eq) 
________________________________________________________________________________   
Mo(1) 1306(1) 3187(1) 3751(1) 16(1) 
N(1) 1856(1) 4611(1) 3771(1) 19(1) 
N(2) 1108(1) 3675(1) 4850(1) 17(1) 
N(3) -314(1) 2419(1) 3585(1) 20(1) 
N(4) 1861(2) 3299(1) 2680(1) 27(1) 
C(1) 2117(2) 5065(1) 3207(1) 23(1) 
C(2) 2357(2) 5920(1) 3268(1) 26(1) 
C(3) 2366(2) 6324(1) 3926(1) 25(1) 
C(4) 2100(1) 5866(1) 4533(1) 21(1) 
C(5) 2051(2) 6223(1) 5240(1) 25(1) 
C(6) 1764(2) 5754(1) 5802(1) 26(1) 
C(7) 1452(1) 4876(1) 5703(1) 21(1) 
C(8) 1086(2) 4349(1) 6255(1) 25(1) 
C(9) 726(2) 3512(1) 6096(1) 24(1) 
C(10) 744(1) 3196(1) 5389(1) 20(1) 
C(11) 1463(1) 4505(1) 5008(1) 18(1) 
C(12) 1829(1) 5009(1) 4423(1) 18(1) 
C(13) -1398(1) 1649(1) 3533(1) 17(1) 
C(14) -1479(2) 1260(1) 4261(1) 21(1) 
C(15) -2649(2) 440(1) 4176(1) 23(1) 
C(16) -2399(2) -155(1) 3602(1) 23(1) 
C(17) -2343(2) 226(1) 2869(1) 23(1) 
C(18) -3687(2) 392(1) 2624(1) 27(1) 
C(19) -3946(2) 979(1) 3202(1) 27(1) 
C(20) -2779(2) 1794(1) 3290(1) 24(1) 
C(21) -1162(2) 1038(1) 2962(1) 22(1) 
C(22) -4009(2) 594(1) 3930(1) 28(1) 
C(23) 965(2) 3397(1) 2092(1) 35(1) 
C(24) 1910(6) 3725(3) 1567(3) 29(1) 
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C(25) 3280(6) 3804(3) 1837(3) 31(1) 
C(24X) 1409(7) 3590(4) 1479(3) 31(1) 
C(25X) 2800(7) 3667(4) 1668(3) 29(1) 
C(26) 3151(2) 3514(1) 2459(1) 39(1) 
C(27) -512(2) 3256(1) 2110(1) 40(1) 
C(28) 4391(2) 3452(1) 2911(1) 46(1) 
C(29) 2577(1) 2813(1) 4216(1) 21(1) 
C(30) 3327(2) 2415(1) 4757(1) 24(1) 
C(31) 3697(1) 2976(1) 5476(1) 23(1) 
C(32) 4297(2) 3825(1) 5460(1) 26(1) 
C(33) 4635(2) 4356(1) 6091(1) 32(1) 
C(34) 4393(2) 4049(1) 6758(1) 36(1) 
C(35) 3816(2) 3215(1) 6785(1) 36(1) 
C(36) 3464(2) 2681(1) 6151(1) 30(1) 
C(37) 4667(2) 2384(1) 4490(1) 32(1) 
C(38) 2466(2) 1531(1) 4844(1) 34(1) 
Mo(2) 1613(1) 8360(1) 1535(1) 17(1) 
N(5) 2049(1) 9778(1) 1731(1) 20(1) 
N(6) 1520(1) 8863(1) 460(1) 21(1) 
N(7) 180(1) 7466(1) 1291(1) 23(1) 
N(8) 1600(1) 8403(1) 2682(1) 18(1) 
C(39) 2260(2) 10224(1) 2372(1) 24(1) 
C(40) 2352(2) 11059(1) 2426(1) 28(1) 
C(41) 2258(2) 11459(1) 1806(1) 29(1) 
C(42) 2077(2) 11014(1) 1123(1) 25(1) 
C(43) 1986(2) 11375(1) 440(1) 31(1) 
C(44) 1778(2) 10916(1) -202(1) 31(1) 
C(45) 1624(2) 10052(1) -230(1) 26(1) 
C(46) 1361(2) 9537(1) -878(1) 31(1) 
C(47) 1180(2) 8713(1) -847(1) 32(1) 
C(48) 1262(2) 8393(1) -170(1) 27(1) 
C(49) 1704(1) 9684(1) 433(1) 21(1) 
C(50) 1958(1) 10174(1) 1113(1) 20(1) 
C(51) -736(2) 6642(1) 1133(1) 20(1) 
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C(52) -551(3) 6308(2) 392(2) 24(1) 
C(53) -1462(3) 5401(2) 252(2) 24(1) 
C(54) -1028(4) 4902(2) 845(2) 28(1) 
C(55) -1175(4) 5256(2) 1591(2) 30(1) 
C(56) -2672(7) 5213(4) 1595(4) 39(2) 
C(57) -3116(4) 5701(2) 1008(3) 34(1) 
C(58) -2195(3) 6606(2) 1159(2) 29(1) 
C(59) -266(3) 6156(2) 1733(2) 24(1) 
C(60) -2955(6) 5360(3) 263(3) 31(1) 
C(52X) -267(3) 5964(2) 745(2) 25(1) 
C(53X) -1383(4) 5128(3) 610(3) 26(1) 
C(54X) -1806(4) 4850(3) 1346(2) 30(1) 
C(55X) -2363(7) 5463(4) 1723(4) 26(1) 
C(56X) -3594(5) 5558(3) 1223(2) 29(1) 
C(57X) -3174(3) 5841(2) 491(2) 26(1) 
C(58X) -2044(3) 6679(2) 621(2) 22(1) 
C(59X) -1235(3) 6310(2) 1851(2) 24(1) 
C(60X) -2625(6) 5211(4) 130(3) 28(1) 
C(61) 2607(2) 8443(1) 3255(1) 20(1) 
C(62) 2210(2) 8646(1) 3900(1) 28(1) 
C(63) 896(2) 8733(1) 3730(1) 28(1) 
C(64) 546(2) 8577(1) 2990(1) 22(1) 
C(65) 3895(2) 8254(1) 3160(1) 23(1) 
C(66) -732(2) 8597(1) 2536(1) 30(1) 
C(67) 3175(2) 8161(1) 1420(1) 21(1) 
C(68) 4181(2) 7766(1) 1156(1) 22(1) 
C(69) 4238(1) 7906(1) 348(1) 22(1) 
C(70) 4559(2) 8705(1) 135(1) 28(1) 
C(71) 4666(2) 8863(1) -584(1) 34(1) 
C(72) 4464(2) 8224(1) -1114(1) 36(1) 
C(73) 4150(2) 7435(1) -915(1) 45(1) 
C(74) 4027(2) 7272(1) -193(1) 38(1) 
C(75) 3748(2) 6850(1) 1288(1) 33(1) 
C(76) 5625(2) 8188(1) 1575(1) 30(1) 
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 Table 3.   Bond lengths [Å] and angles [°] for  C38H42MoN4. 
_____________________________________________________  
Mo(1)-N(3)  1.7749(12) 
Mo(1)-C(29)  1.7851(14) 
Mo(1)-N(4)  2.1334(13) 
Mo(1)-N(2)  2.2165(12) 
Mo(1)-N(1)  2.3216(12) 
N(1)-C(1)  1.3374(19) 
N(1)-C(12)  1.3648(18) 
N(2)-C(10)  1.3392(18) 
N(2)-C(11)  1.3607(18) 
N(3)-C(13)  1.4402(18) 
N(4)-C(26)  1.392(2) 
N(4)-C(23)  1.397(2) 
C(1)-C(2)  1.401(2) 
C(1)-H(1)  0.9500 
C(2)-C(3)  1.369(2) 
C(2)-H(2)  0.9500 
C(3)-C(4)  1.409(2) 
C(3)-H(3)  0.9500 
C(4)-C(12)  1.406(2) 
C(4)-C(5)  1.430(2) 
C(5)-C(6)  1.352(2) 
C(5)-H(5)  0.9500 
C(6)-C(7)  1.433(2) 
C(6)-H(6)  0.9500 
C(7)-C(8)  1.407(2) 
C(7)-C(11)  1.4094(19) 
C(8)-C(9)  1.371(2) 
C(8)-H(8)  0.9500 
C(9)-C(10)  1.396(2) 
C(9)-H(9)  0.9500 
C(10)-H(10)  0.9500 
C(11)-C(12)  1.431(2) 
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C(13)-C(14)  1.5327(19) 
C(13)-C(21)  1.5412(19) 
C(13)-C(20)  1.5466(19) 
C(14)-C(15)  1.539(2) 
C(14)-H(14A)  0.9900 
C(14)-H(14B)  0.9900 
C(15)-C(16)  1.532(2) 
C(15)-C(22)  1.535(2) 
C(15)-H(15)  1.0000 
C(16)-C(17)  1.535(2) 
C(16)-H(16A)  0.9900 
C(16)-H(16B)  0.9900 
C(17)-C(18)  1.528(2) 
C(17)-C(21)  1.534(2) 
C(17)-H(17)  1.0000 
C(18)-C(19)  1.531(2) 
C(18)-H(18A)  0.9900 
C(18)-H(18B)  0.9900 
C(19)-C(22)  1.530(2) 
C(19)-C(20)  1.532(2) 
C(19)-H(19)  1.0000 
C(20)-H(20A)  0.9900 
C(20)-H(20B)  0.9900 
C(21)-H(21A)  0.9900 
C(21)-H(21B)  0.9900 
C(22)-H(22A)  0.9900 
C(22)-H(22B)  0.9900 
C(23)-C(24)  1.473(5) 
C(23)-C(27)  1.482(3) 
C(24)-C(25)  1.414(6) 
C(24)-H(24)  0.9500 
C(25)-C(26)  1.284(5) 
C(25)-H(25)  0.9500 
C(26)-C(28)  1.485(3) 
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C(27)-H(27A)  0.9800 
C(27)-H(27B)  0.9800 
C(27)-H(27C)  0.9800 
C(28)-H(28A)  0.9800 
C(28)-H(28B)  0.9800 
C(28)-H(28C)  0.9800 
C(29)-C(30)  1.509(2) 
C(30)-C(38)  1.534(2) 
C(30)-C(31)  1.539(2) 
C(30)-C(37)  1.543(2) 
C(31)-C(36)  1.393(2) 
C(31)-C(32)  1.399(2) 
C(32)-C(33)  1.385(2) 
C(32)-H(32)  0.9500 
C(33)-C(34)  1.387(3) 
C(33)-H(33)  0.9500 
C(34)-C(35)  1.376(3) 
C(34)-H(34)  0.9500 
C(35)-C(36)  1.391(3) 
C(35)-H(35)  0.9500 
C(36)-H(36)  0.9500 
C(37)-H(37A)  0.9800 
C(37)-H(37B)  0.9800 
C(37)-H(37C)  0.9800 
C(38)-H(38A)  0.9800 
C(38)-H(38B)  0.9800 
C(38)-H(38C)  0.9800 
Mo(2)-N(7)  1.7759(13) 
Mo(2)-C(67)  1.7874(14) 
Mo(2)-N(8)  2.1265(12) 
Mo(2)-N(6)  2.2117(12) 
Mo(2)-N(5)  2.3271(13) 
N(5)-C(39)  1.3368(19) 
N(5)-C(50)  1.3676(18) 
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N(6)-C(48)  1.335(2) 
N(6)-C(49)  1.361(2) 
N(7)-C(51)  1.4344(19) 
N(8)-C(61)  1.3826(18) 
N(8)-C(64)  1.3897(18) 
C(39)-C(40)  1.399(2) 
C(39)-H(39)  0.9500 
C(40)-C(41)  1.374(2) 
C(40)-H(40)  0.9500 
C(41)-C(42)  1.405(2) 
C(41)-H(41)  0.9500 
C(42)-C(50)  1.403(2) 
C(42)-C(43)  1.441(2) 
C(43)-C(44)  1.350(3) 
C(43)-H(43)  0.9500 
C(44)-C(45)  1.433(2) 
C(44)-H(44)  0.9500 
C(45)-C(46)  1.401(2) 
C(45)-C(49)  1.413(2) 
C(46)-C(47)  1.368(3) 
C(46)-H(46)  0.9500 
C(47)-C(48)  1.397(2) 
C(47)-H(47)  0.9500 
C(48)-H(48)  0.9500 
C(49)-C(50)  1.428(2) 
C(51)-C(58)  1.502(3) 
C(51)-C(52)  1.515(3) 
C(51)-C(59)  1.541(3) 
C(52)-C(53)  1.544(4) 
C(52)-H(52A)  0.9900 
C(52)-H(52B)  0.9900 
C(53)-C(54)  1.531(5) 
C(53)-C(60)  1.532(5) 
C(53)-H(53)  1.0000 
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C(54)-C(55)  1.524(5) 
C(54)-H(54A)  0.9900 
C(54)-H(54B)  0.9900 
C(55)-C(59)  1.532(5) 
C(55)-C(56)  1.533(9) 
C(55)-H(55)  1.0000 
C(56)-C(57)  1.515(9) 
C(56)-H(56A)  0.9900 
C(56)-H(56B)  0.9900 
C(57)-C(60)  1.518(7) 
C(57)-C(58)  1.544(5) 
C(57)-H(57)  1.0000 
C(58)-H(58A)  0.9900 
C(58)-H(58B)  0.9900 
C(59)-H(59A)  0.9900 
C(59)-H(59B)  0.9900 
C(60)-H(60A)  0.9900 
C(60)-H(60B)  0.9900 
C(61)-C(62)  1.372(2) 
C(61)-C(65)  1.493(2) 
C(62)-C(63)  1.415(2) 
C(62)-H(62)  0.9500 
C(63)-C(64)  1.369(2) 
C(63)-H(63A)  0.9500 
C(64)-C(66)  1.495(2) 
C(65)-H(65A)  0.9800 
C(65)-H(65B)  0.9800 
C(65)-H(65C)  0.9800 
C(66)-H(66A)  0.9800 
C(66)-H(66B)  0.9800 
C(66)-H(66C)  0.9800 
C(67)-C(68)  1.5132(19) 
C(68)-C(69)  1.533(2) 
C(68)-C(75)  1.534(2) 
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C(68)-C(76)  1.545(2) 
C(69)-C(74)  1.387(2) 
C(69)-C(70)  1.394(2) 
C(70)-C(71)  1.383(2) 
C(70)-H(70)  0.9500 
C(71)-C(72)  1.380(3) 
C(71)-H(71)  0.9500 
C(72)-C(73)  1.369(3) 
C(72)-H(72)  0.9500 
C(73)-C(74)  1.392(3) 
C(73)-H(73)  0.9500 
C(74)-H(74)  0.9500 
C(75)-H(75A)  0.9800 
C(75)-H(75B)  0.9800 
C(75)-H(75C)  0.9800 
C(76)-H(76A)  0.9800 
C(76)-H(76B)  0.9800 
C(76)-H(76C)  0.9800 
 
N(3)-Mo(1)-C(29) 111.85(6) 
N(3)-Mo(1)-N(4) 101.93(5) 
C(29)-Mo(1)-N(4) 103.04(6) 
N(3)-Mo(1)-N(2) 97.19(5) 
C(29)-Mo(1)-N(2) 85.43(5) 
N(4)-Mo(1)-N(2) 154.21(5) 
N(3)-Mo(1)-N(1) 129.81(5) 
C(29)-Mo(1)-N(1) 115.64(6) 
N(4)-Mo(1)-N(1) 82.63(4) 
N(2)-Mo(1)-N(1) 71.82(4) 
C(1)-N(1)-C(12) 117.60(12) 
C(1)-N(1)-Mo(1) 126.96(10) 
C(12)-N(1)-Mo(1) 115.32(9) 
C(10)-N(2)-C(11) 117.58(12) 
C(10)-N(2)-Mo(1) 123.33(10) 
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C(11)-N(2)-Mo(1) 118.93(9) 
C(13)-N(3)-Mo(1) 163.32(10) 
C(26)-N(4)-C(23) 106.50(15) 
C(26)-N(4)-Mo(1) 129.53(13) 
C(23)-N(4)-Mo(1) 121.70(11) 
N(1)-C(1)-C(2) 122.45(14) 
N(1)-C(1)-H(1) 118.8 
C(2)-C(1)-H(1) 118.8 
C(3)-C(2)-C(1) 120.09(14) 
C(3)-C(2)-H(2) 120.0 
C(1)-C(2)-H(2) 120.0 
C(2)-C(3)-C(4) 119.10(14) 
C(2)-C(3)-H(3) 120.5 
C(4)-C(3)-H(3) 120.5 
C(12)-C(4)-C(3) 117.41(14) 
C(12)-C(4)-C(5) 118.85(14) 
C(3)-C(4)-C(5) 123.71(14) 
C(6)-C(5)-C(4) 121.41(14) 
C(6)-C(5)-H(5) 119.3 
C(4)-C(5)-H(5) 119.3 
C(5)-C(6)-C(7) 121.01(14) 
C(5)-C(6)-H(6) 119.5 
C(7)-C(6)-H(6) 119.5 
C(8)-C(7)-C(11) 117.23(14) 
C(8)-C(7)-C(6) 123.91(14) 
C(11)-C(7)-C(6) 118.82(14) 
C(9)-C(8)-C(7) 119.59(14) 
C(9)-C(8)-H(8) 120.2 
C(7)-C(8)-H(8) 120.2 
C(8)-C(9)-C(10) 119.39(14) 
C(8)-C(9)-H(9) 120.3 
C(10)-C(9)-H(9) 120.3 
N(2)-C(10)-C(9) 123.04(14) 
N(2)-C(10)-H(10) 118.5 
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C(9)-C(10)-H(10) 118.5 
N(2)-C(11)-C(7) 123.14(13) 
N(2)-C(11)-C(12) 116.98(12) 
C(7)-C(11)-C(12) 119.86(13) 
N(1)-C(12)-C(4) 123.30(13) 
N(1)-C(12)-C(11) 116.73(12) 
C(4)-C(12)-C(11) 119.95(13) 
N(3)-C(13)-C(14) 112.46(11) 
N(3)-C(13)-C(21) 109.27(11) 
C(14)-C(13)-C(21) 108.42(11) 
N(3)-C(13)-C(20) 109.39(11) 
C(14)-C(13)-C(20) 108.24(12) 
C(21)-C(13)-C(20) 108.99(12) 
C(13)-C(14)-C(15) 110.45(12) 
C(13)-C(14)-H(14A) 109.6 
C(15)-C(14)-H(14A) 109.6 
C(13)-C(14)-H(14B) 109.6 
C(15)-C(14)-H(14B) 109.6 
H(14A)-C(14)-H(14B) 108.1 
C(16)-C(15)-C(22) 109.14(13) 
C(16)-C(15)-C(14) 109.40(12) 
C(22)-C(15)-C(14) 109.67(12) 
C(16)-C(15)-H(15) 109.5 
C(22)-C(15)-H(15) 109.5 
C(14)-C(15)-H(15) 109.5 
C(15)-C(16)-C(17) 109.39(12) 
C(15)-C(16)-H(16A) 109.8 
C(17)-C(16)-H(16A) 109.8 
C(15)-C(16)-H(16B) 109.8 
C(17)-C(16)-H(16B) 109.8 
H(16A)-C(16)-H(16B) 108.2 
C(18)-C(17)-C(21) 109.74(12) 
C(18)-C(17)-C(16) 110.09(13) 
C(21)-C(17)-C(16) 108.80(12) 
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C(18)-C(17)-H(17) 109.4 
C(21)-C(17)-H(17) 109.4 
C(16)-C(17)-H(17) 109.4 
C(17)-C(18)-C(19) 109.55(12) 
C(17)-C(18)-H(18A) 109.8 
C(19)-C(18)-H(18A) 109.8 
C(17)-C(18)-H(18B) 109.8 
C(19)-C(18)-H(18B) 109.8 
H(18A)-C(18)-H(18B) 108.2 
C(22)-C(19)-C(18) 109.71(13) 
C(22)-C(19)-C(20) 109.61(13) 
C(18)-C(19)-C(20) 108.98(13) 
C(22)-C(19)-H(19) 109.5 
C(18)-C(19)-H(19) 109.5 
C(20)-C(19)-H(19) 109.5 
C(19)-C(20)-C(13) 110.52(12) 
C(19)-C(20)-H(20A) 109.5 
C(13)-C(20)-H(20A) 109.5 
C(19)-C(20)-H(20B) 109.5 
C(13)-C(20)-H(20B) 109.5 
H(20A)-C(20)-H(20B) 108.1 
C(17)-C(21)-C(13) 110.21(12) 
C(17)-C(21)-H(21A) 109.6 
C(13)-C(21)-H(21A) 109.6 
C(17)-C(21)-H(21B) 109.6 
C(13)-C(21)-H(21B) 109.6 
H(21A)-C(21)-H(21B) 108.1 
C(19)-C(22)-C(15) 109.51(12) 
C(19)-C(22)-H(22A) 109.8 
C(15)-C(22)-H(22A) 109.8 
C(19)-C(22)-H(22B) 109.8 
C(15)-C(22)-H(22B) 109.8 
H(22A)-C(22)-H(22B) 108.2 
N(4)-C(23)-C(24) 101.4(3) 
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N(4)-C(23)-C(27) 123.80(15) 
C(24)-C(23)-C(27) 134.5(3) 
C(25)-C(24)-C(23) 112.6(3) 
C(25)-C(24)-H(24) 123.7 
C(23)-C(24)-H(24) 123.7 
C(26)-C(25)-C(24) 101.3(4) 
C(26)-C(25)-H(25) 129.3 
C(24)-C(25)-H(25) 129.3 
C(25)-C(26)-N(4) 117.9(3) 
C(25)-C(26)-C(28) 118.1(3) 
N(4)-C(26)-C(28) 123.92(16) 
C(23)-C(27)-H(27A) 109.5 
C(23)-C(27)-H(27B) 109.5 
H(27A)-C(27)-H(27B) 109.5 
C(23)-C(27)-H(27C) 109.5 
H(27A)-C(27)-H(27C) 109.5 
H(27B)-C(27)-H(27C) 109.5 
C(26)-C(28)-H(28A) 109.5 
C(26)-C(28)-H(28B) 109.5 
H(28A)-C(28)-H(28B) 109.5 
C(26)-C(28)-H(28C) 109.5 
H(28A)-C(28)-H(28C) 109.5 
H(28B)-C(28)-H(28C) 109.5 
C(30)-C(29)-Mo(1) 162.72(11) 
C(29)-C(30)-C(38) 111.19(13) 
C(29)-C(30)-C(31) 106.73(12) 
C(38)-C(30)-C(31) 112.83(14) 
C(29)-C(30)-C(37) 109.76(13) 
C(38)-C(30)-C(37) 108.13(13) 
C(31)-C(30)-C(37) 108.13(12) 
C(36)-C(31)-C(32) 117.52(15) 
C(36)-C(31)-C(30) 123.29(15) 
C(32)-C(31)-C(30) 119.19(14) 
C(33)-C(32)-C(31) 121.38(16) 
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C(33)-C(32)-H(32) 119.3 
C(31)-C(32)-H(32) 119.3 
C(32)-C(33)-C(34) 120.13(17) 
C(32)-C(33)-H(33) 119.9 
C(34)-C(33)-H(33) 119.9 
C(35)-C(34)-C(33) 119.33(17) 
C(35)-C(34)-H(34) 120.3 
C(33)-C(34)-H(34) 120.3 
C(34)-C(35)-C(36) 120.63(16) 
C(34)-C(35)-H(35) 119.7 
C(36)-C(35)-H(35) 119.7 
C(35)-C(36)-C(31) 121.01(17) 
C(35)-C(36)-H(36) 119.5 
C(31)-C(36)-H(36) 119.5 
C(30)-C(37)-H(37A) 109.5 
C(30)-C(37)-H(37B) 109.5 
H(37A)-C(37)-H(37B) 109.5 
C(30)-C(37)-H(37C) 109.5 
H(37A)-C(37)-H(37C) 109.5 
H(37B)-C(37)-H(37C) 109.5 
C(30)-C(38)-H(38A) 109.5 
C(30)-C(38)-H(38B) 109.5 
H(38A)-C(38)-H(38B) 109.5 
C(30)-C(38)-H(38C) 109.5 
H(38A)-C(38)-H(38C) 109.5 
H(38B)-C(38)-H(38C) 109.5 
N(7)-Mo(2)-C(67) 111.67(6) 
N(7)-Mo(2)-N(8) 97.49(5) 
C(67)-Mo(2)-N(8) 103.75(5) 
N(7)-Mo(2)-N(6) 96.06(5) 
C(67)-Mo(2)-N(6) 91.50(5) 
N(8)-Mo(2)-N(6) 154.10(5) 
N(7)-Mo(2)-N(5) 138.10(5) 
C(67)-Mo(2)-N(5) 108.69(6) 
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N(8)-Mo(2)-N(5) 83.33(4) 
N(6)-Mo(2)-N(5) 71.89(4) 
C(39)-N(5)-C(50) 117.53(13) 
C(39)-N(5)-Mo(2) 127.22(10) 
C(50)-N(5)-Mo(2) 114.99(10) 
C(48)-N(6)-C(49) 118.09(13) 
C(48)-N(6)-Mo(2) 122.84(11) 
C(49)-N(6)-Mo(2) 119.06(10) 
C(51)-N(7)-Mo(2) 166.12(11) 
C(61)-N(8)-C(64) 106.32(12) 
C(61)-N(8)-Mo(2) 131.68(9) 
C(64)-N(8)-Mo(2) 120.79(9) 
N(5)-C(39)-C(40) 122.51(15) 
N(5)-C(39)-H(39) 118.7 
C(40)-C(39)-H(39) 118.7 
C(41)-C(40)-C(39) 120.14(15) 
C(41)-C(40)-H(40) 119.9 
C(39)-C(40)-H(40) 119.9 
C(40)-C(41)-C(42) 118.79(15) 
C(40)-C(41)-H(41) 120.6 
C(42)-C(41)-H(41) 120.6 
C(50)-C(42)-C(41) 117.78(14) 
C(50)-C(42)-C(43) 118.87(15) 
C(41)-C(42)-C(43) 123.35(15) 
C(44)-C(43)-C(42) 120.99(16) 
C(44)-C(43)-H(43) 119.5 
C(42)-C(43)-H(43) 119.5 
C(43)-C(44)-C(45) 121.39(15) 
C(43)-C(44)-H(44) 119.3 
C(45)-C(44)-H(44) 119.3 
C(46)-C(45)-C(49) 117.29(15) 
C(46)-C(45)-C(44) 124.07(15) 
C(49)-C(45)-C(44) 118.61(15) 
C(47)-C(46)-C(45) 119.66(15) 
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C(47)-C(46)-H(46) 120.2 
C(45)-C(46)-H(46) 120.2 
C(46)-C(47)-C(48) 119.69(16) 
C(46)-C(47)-H(47) 120.2 
C(48)-C(47)-H(47) 120.2 
N(6)-C(48)-C(47) 122.52(16) 
N(6)-C(48)-H(48) 118.7 
C(47)-C(48)-H(48) 118.7 
N(6)-C(49)-C(45) 122.75(14) 
N(6)-C(49)-C(50) 117.19(13) 
C(45)-C(49)-C(50) 120.05(14) 
N(5)-C(50)-C(42) 123.20(14) 
N(5)-C(50)-C(49) 116.74(13) 
C(42)-C(50)-C(49) 120.05(14) 
N(7)-C(51)-C(58) 112.02(15) 
N(7)-C(51)-C(52) 108.42(15) 
C(58)-C(51)-C(52) 111.34(19) 
N(7)-C(51)-C(59) 104.55(15) 
C(58)-C(51)-C(59) 110.3(2) 
C(52)-C(51)-C(59) 110.03(18) 
C(51)-C(52)-C(53) 108.1(2) 
C(51)-C(52)-H(52A) 110.1 
C(53)-C(52)-H(52A) 110.1 
C(51)-C(52)-H(52B) 110.1 
C(53)-C(52)-H(52B) 110.1 
H(52A)-C(52)-H(52B) 108.4 
C(54)-C(53)-C(60) 109.9(3) 
C(54)-C(53)-C(52) 109.4(3) 
C(60)-C(53)-C(52) 109.2(3) 
C(54)-C(53)-H(53) 109.4 
C(60)-C(53)-H(53) 109.4 
C(52)-C(53)-H(53) 109.4 
C(55)-C(54)-C(53) 109.7(3) 
C(55)-C(54)-H(54A) 109.7 
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C(53)-C(54)-H(54A) 109.7 
C(55)-C(54)-H(54B) 109.7 
C(53)-C(54)-H(54B) 109.7 
H(54A)-C(54)-H(54B) 108.2 
C(54)-C(55)-C(59) 109.6(3) 
C(54)-C(55)-C(56) 108.4(4) 
C(59)-C(55)-C(56) 109.6(3) 
C(54)-C(55)-H(55) 109.7 
C(59)-C(55)-H(55) 109.7 
C(56)-C(55)-H(55) 109.7 
C(57)-C(56)-C(55) 110.8(5) 
C(57)-C(56)-H(56A) 109.5 
C(55)-C(56)-H(56A) 109.5 
C(57)-C(56)-H(56B) 109.5 
C(55)-C(56)-H(56B) 109.5 
H(56A)-C(56)-H(56B) 108.1 
C(56)-C(57)-C(60) 110.0(4) 
C(56)-C(57)-C(58) 108.1(3) 
C(60)-C(57)-C(58) 109.3(4) 
C(56)-C(57)-H(57) 109.8 
C(60)-C(57)-H(57) 109.8 
C(58)-C(57)-H(57) 109.8 
C(51)-C(58)-C(57) 109.2(2) 
C(51)-C(58)-H(58A) 109.8 
C(57)-C(58)-H(58A) 109.8 
C(51)-C(58)-H(58B) 109.8 
C(57)-C(58)-H(58B) 109.8 
H(58A)-C(58)-H(58B) 108.3 
C(55)-C(59)-C(51) 107.9(2) 
C(55)-C(59)-H(59A) 110.1 
C(51)-C(59)-H(59A) 110.1 
C(55)-C(59)-H(59B) 110.1 
C(51)-C(59)-H(59B) 110.1 
H(59A)-C(59)-H(59B) 108.4 
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C(57)-C(60)-C(53) 109.4(4) 
C(57)-C(60)-H(60A) 109.8 
C(53)-C(60)-H(60A) 109.8 
C(57)-C(60)-H(60B) 109.8 
C(53)-C(60)-H(60B) 109.8 
H(60A)-C(60)-H(60B) 108.2 
C(62)-C(61)-N(8) 109.82(13) 
C(62)-C(61)-C(65) 126.83(14) 
N(8)-C(61)-C(65) 123.31(13) 
C(61)-C(62)-C(63) 107.05(14) 
C(61)-C(62)-H(62) 126.5 
C(63)-C(62)-H(62) 126.5 
C(64)-C(63)-C(62) 107.04(13) 
C(64)-C(63)-H(63A) 126.5 
C(62)-C(63)-H(63A) 126.5 
C(63)-C(64)-N(8) 109.75(13) 
C(63)-C(64)-C(66) 128.15(14) 
N(8)-C(64)-C(66) 122.09(13) 
C(61)-C(65)-H(65A) 109.5 
C(61)-C(65)-H(65B) 109.5 
H(65A)-C(65)-H(65B) 109.5 
C(61)-C(65)-H(65C) 109.5 
H(65A)-C(65)-H(65C) 109.5 
H(65B)-C(65)-H(65C) 109.5 
C(64)-C(66)-H(66A) 109.5 
C(64)-C(66)-H(66B) 109.5 
H(66A)-C(66)-H(66B) 109.5 
C(64)-C(66)-H(66C) 109.5 
H(66A)-C(66)-H(66C) 109.5 
H(66B)-C(66)-H(66C) 109.5 
C(68)-C(67)-Mo(2) 161.40(12) 
C(67)-C(68)-C(69) 107.90(12) 
C(67)-C(68)-C(75) 109.73(12) 
C(69)-C(68)-C(75) 112.59(13) 
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C(67)-C(68)-C(76) 110.28(13) 
C(69)-C(68)-C(76) 107.67(12) 
C(75)-C(68)-C(76) 108.65(13) 
C(74)-C(69)-C(70) 117.07(15) 
C(74)-C(69)-C(68) 123.27(14) 
C(70)-C(69)-C(68) 119.63(14) 
C(71)-C(70)-C(69) 121.70(16) 
C(71)-C(70)-H(70) 119.1 
C(69)-C(70)-H(70) 119.1 
C(72)-C(71)-C(70) 120.33(17) 
C(72)-C(71)-H(71) 119.8 
C(70)-C(71)-H(71) 119.8 
C(73)-C(72)-C(71) 118.81(16) 
C(73)-C(72)-H(72) 120.6 
C(71)-C(72)-H(72) 120.6 
C(72)-C(73)-C(74) 121.10(18) 
C(72)-C(73)-H(73) 119.4 
C(74)-C(73)-H(73) 119.4 
C(69)-C(74)-C(73) 120.97(17) 
C(69)-C(74)-H(74) 119.5 
C(73)-C(74)-H(74) 119.5 
C(68)-C(75)-H(75A) 109.5 
C(68)-C(75)-H(75B) 109.5 
H(75A)-C(75)-H(75B) 109.5 
C(68)-C(75)-H(75C) 109.5 
H(75A)-C(75)-H(75C) 109.5 
H(75B)-C(75)-H(75C) 109.5 
C(68)-C(76)-H(76A) 109.5 
C(68)-C(76)-H(76B) 109.5 
H(76A)-C(76)-H(76B) 109.5 
C(68)-C(76)-H(76C) 109.5 
H(76A)-C(76)-H(76C) 109.5 
H(76B)-C(76)-H(76C) 109.5 
_____________________________________________________________  
Chapter 4 
Page 471  
Symmetry transformations used to generate equivalent atoms:  
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 Table 4.   Anisotropic displacement parameters  (Å2x 103) for C38H42MoN4.  The anisotropic 
displacement factor exponent takes the form:  -2π2[ h2 a*2U11 + ...  + 2 h k a* b* U12 ] 
______________________________________________________________________________  
 U11 U22  U33 U23 U13 U12 
______________________________________________________________________________  
Mo(1) 19(1)  11(1) 15(1)  1(1) 3(1)  4(1) 
N(1) 20(1)  15(1) 21(1)  1(1) 3(1)  4(1) 
N(2) 17(1)  17(1) 19(1)  2(1) 2(1)  7(1) 
N(3) 23(1)  18(1) 16(1)  0(1) 2(1)  4(1) 
N(4) 44(1)  14(1) 23(1)  2(1) 13(1)  6(1) 
C(1) 24(1)  18(1) 24(1)  3(1) 5(1)  3(1) 
C(2) 25(1)  19(1) 32(1)  8(1) 6(1)  4(1) 
C(3) 21(1)  14(1) 40(1)  2(1) 5(1)  4(1) 
C(4) 15(1)  16(1) 31(1)  -2(1) 1(1)  4(1) 
C(5) 18(1)  18(1) 37(1)  -8(1) 1(1)  5(1) 
C(6) 21(1)  26(1) 28(1)  -9(1) 1(1)  8(1) 
C(7) 16(1)  25(1) 22(1)  -4(1) -1(1)  9(1) 
C(8) 24(1)  34(1) 18(1)  -3(1) 0(1)  14(1) 
C(9) 26(1)  33(1) 19(1)  6(1) 4(1)  14(1) 
C(10) 21(1)  22(1) 20(1)  4(1) 2(1)  9(1) 
C(11) 14(1)  18(1) 21(1)  0(1) 0(1)  6(1) 
C(12) 14(1)  16(1) 24(1)  -1(1) 1(1)  4(1) 
C(13) 19(1)  15(1) 17(1)  0(1) 2(1)  4(1) 
C(14) 24(1)  22(1) 16(1)  1(1) 4(1)  4(1) 
C(15) 27(1)  19(1) 21(1)  3(1) 7(1)  4(1) 
C(16) 29(1)  16(1) 25(1)  4(1) 6(1)  8(1) 
C(17) 32(1)  16(1) 21(1)  -1(1) 5(1)  8(1) 
C(18) 32(1)  16(1) 27(1)  -1(1) -6(1)  2(1) 
C(19) 19(1)  20(1) 39(1)  -2(1) -3(1)  6(1) 
C(20) 24(1)  17(1) 30(1)  -1(1) -2(1)  7(1) 
C(21) 28(1)  19(1) 19(1)  2(1) 8(1)  7(1) 
C(22) 23(1)  21(1) 38(1)  -3(1) 11(1)  2(1) 
C(23) 68(1)  19(1) 19(1)  4(1) 8(1)  14(1) 
C(24) 36(3)  31(2) 18(2)  9(1) 8(2)  5(2) 
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C(25) 33(3)  32(2) 27(2)  6(1) 7(2)  6(2) 
C(24X) 33(3)  32(2) 27(2)  6(1) 7(2)  6(2) 
C(25X) 36(3)  31(2) 18(2)  9(1) 8(2)  5(2) 
C(26) 61(1)  21(1) 45(1)  10(1) 35(1)  15(1) 
C(27) 67(1)  26(1) 22(1)  6(1) -9(1)  12(1) 
C(28) 48(1)  31(1) 66(1)  9(1) 36(1)  10(1) 
C(29) 21(1)  19(1) 23(1)  0(1) 6(1)  7(1) 
C(30) 21(1)  20(1) 32(1)  4(1) 3(1)  9(1) 
C(31) 18(1)  26(1) 28(1)  5(1) 1(1)  12(1) 
C(32) 22(1)  28(1) 28(1)  4(1) 0(1)  8(1) 
C(33) 25(1)  31(1) 37(1)  -4(1) -3(1)  11(1) 
C(34) 28(1)  53(1) 30(1)  -6(1) -2(1)  21(1) 
C(35) 33(1)  56(1) 27(1)  11(1) 6(1)  25(1) 
C(36) 27(1)  34(1) 35(1)  12(1) 5(1)  16(1) 
C(37) 26(1)  35(1) 41(1)  -3(1) 3(1)  17(1) 
C(38) 34(1)  21(1) 46(1)  7(1) -2(1)  9(1) 
Mo(2) 17(1)  18(1) 15(1)  1(1) 2(1)  6(1) 
N(5) 18(1)  23(1) 20(1)  3(1) 3(1)  6(1) 
N(6) 19(1)  28(1) 18(1)  3(1) 4(1)  11(1) 
N(7) 24(1)  26(1) 16(1)  2(1) 2(1)  3(1) 
N(8) 22(1)  18(1) 18(1)  2(1) 4(1)  8(1) 
C(39) 21(1)  25(1) 24(1)  0(1) 3(1)  4(1) 
C(40) 23(1)  25(1) 33(1)  -4(1) 3(1)  3(1) 
C(41) 22(1)  21(1) 42(1)  2(1) 3(1)  4(1) 
C(42) 17(1)  25(1) 34(1)  7(1) 4(1)  5(1) 
C(43) 24(1)  26(1) 43(1)  15(1) 6(1)  6(1) 
C(44) 24(1)  38(1) 34(1)  19(1) 8(1)  9(1) 
C(45) 17(1)  37(1) 25(1)  12(1) 6(1)  10(1) 
C(46) 28(1)  50(1) 21(1)  14(1) 8(1)  18(1) 
C(47) 34(1)  49(1) 18(1)  3(1) 6(1)  21(1) 
C(48) 29(1)  36(1) 20(1)  2(1) 5(1)  16(1) 
C(49) 15(1)  29(1) 22(1)  7(1) 4(1)  8(1) 
C(50) 14(1)  23(1) 25(1)  6(1) 4(1)  5(1) 
C(51) 24(1)  18(1) 18(1)  1(1) 4(1)  8(1) 
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C(52) 28(1)  22(1) 19(1)  -1(1) 1(1)  7(1) 
C(53) 33(2)  19(2) 22(2)  -2(1) 0(1)  11(1) 
C(54) 37(2)  16(2) 30(2)  1(1) -1(1)  12(1) 
C(55) 45(2)  20(2) 24(2)  4(1) 2(1)  11(2) 
C(56) 41(4)  30(3) 36(3)  -6(2) 16(2)  -3(2) 
C(57) 24(2)  23(2) 54(3)  -3(2) 10(2)  5(2) 
C(58) 22(1)  20(2) 44(2)  -4(1) 6(1)  8(1) 
C(59) 33(2)  23(1) 17(1)  0(1) 1(1)  10(1) 
C(60) 22(2)  22(3) 45(3)  -4(2) -9(2)  4(2) 
C(52X) 23(2)  19(2) 34(2)  -2(2) 10(1)  5(1) 
C(53X) 29(2)  12(2) 36(3)  -3(2) 9(2)  5(2) 
C(54X) 31(2)  19(2) 38(2)  8(2) -2(2)  4(2) 
C(55X) 26(3)  30(3) 17(2)  5(2) 0(2)  3(3) 
C(56X) 25(2)  32(2) 29(2)  4(2) 9(2)  4(2) 
C(57X) 21(2)  26(2) 29(2)  5(2) -2(1)  6(2) 
C(58X) 24(2)  17(2) 24(2)  3(1) 1(1)  5(1) 
C(59X) 27(2)  24(2) 19(2)  3(1) 4(1)  4(1) 
C(60X) 34(4)  19(3) 25(2)  0(2) 6(2)  0(2) 
C(61) 25(1)  16(1) 18(1)  4(1) 2(1)  5(1) 
C(62) 34(1)  30(1) 18(1)  4(1) 4(1)  8(1) 
C(63) 35(1)  29(1) 23(1)  2(1) 13(1)  11(1) 
C(64) 25(1)  20(1) 24(1)  3(1) 9(1)  8(1) 
C(65) 22(1)  23(1) 22(1)  4(1) 1(1)  6(1) 
C(66) 27(1)  34(1) 33(1)  0(1) 8(1)  16(1) 
C(67) 24(1)  23(1) 18(1)  2(1) 2(1)  10(1) 
C(68) 23(1)  22(1) 24(1)  2(1) 6(1)  11(1) 
C(69) 17(1)  24(1) 24(1)  0(1) 4(1)  6(1) 
C(70) 29(1)  25(1) 31(1)  2(1) 8(1)  10(1) 
C(71) 30(1)  37(1) 39(1)  14(1) 12(1)  14(1) 
C(72) 28(1)  56(1) 24(1)  8(1) 6(1)  13(1) 
C(73) 54(1)  45(1) 28(1)  -11(1) 7(1)  4(1) 
C(74) 50(1)  24(1) 32(1)  -4(1) 11(1)  1(1) 
C(75) 42(1)  26(1) 40(1)  10(1) 18(1)  17(1) 
C(76) 24(1)  41(1) 28(1)  0(1) 2(1)  17(1) 
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 Table 5.   Hydrogen coordinates ( x 104) and isotropic  displacement parameters (Å2x 10 3) 
for C38H42MoN4. 
________________________________________________________________________________  
 x  y  z  U(eq) 
________________________________________________________________________________  
  
H(1) 2141 4799 2749 27 
H(2) 2514 6219 2851 31 
H(3) 2550 6905 3973 30 
H(5) 2223 6801 5316 30 
H(6) 1770 6010 6270 31 
H(8) 1088 4571 6736 30 
H(9) 468 3150 6463 29 
H(10) 486 2615 5285 25 
H(14A) -1634 1644 4635 25 
H(14B) -603 1161 4426 25 
H(15) -2687 193 4654 27 
H(16A) -3143 -686 3549 28 
H(16B) -1527 -262 3759 28 
H(17) -2182 -162 2494 27 
H(18A) -4446 -133 2553 33 
H(18B) -3644 642 2153 33 
H(19) -4830 1083 3043 32 
H(20A) -2945 2180 3658 29 
H(20B) -2747 2047 2821 29 
H(21A) -1097 1281 2488 26 
H(21B) -292 929 3119 26 
H(22A) -4763 67 3874 34 
H(22B) -4189 969 4302 34 
H(24) 1630 3868 1098 35 
H(25) 4082 4014 1616 37 
H(24X) 932 3661 1029 37 
H(25X) 3451 3800 1337 35 
H(27A) -940 3345 1634 60 
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H(27B) -632 3641 2487 60 
H(27C) -940 2689 2221 60 
H(28A) 4304 2871 2960 69 
H(28B) 4492 3740 3395 69 
H(28C) 5195 3705 2675 69 
H(32) 4477 4042 5007 31 
H(33) 5033 4931 6067 38 
H(34) 4624 4412 7192 43 
H(35) 3655 3001 7241 43 
H(36) 3059 2107 6180 36 
H(37A) 4454 2029 4032 49 
H(37B) 5181 2160 4859 49 
H(37C) 5216 2941 4410 49 
H(38A) 1609 1537 5013 51 
H(38B) 2972 1290 5201 51 
H(38C) 2266 1201 4373 51 
H(39) 2351 9963 2808 29 
H(40) 2479 11351 2892 34 
H(41) 2315 12025 1838 35 
H(43) 2075 11945 442 37 
H(44) 1731 11170 -644 37 
H(46) 1308 9759 -1336 37 
H(47) 1001 8360 -1284 38 
H(48) 1128 7819 -157 32 
H(52A) 418 6344 384 28 
H(52B) -817 6635 8 28 
H(53) -1358 5169 -236 29 
H(54A) -1605 4319 755 33 
H(54B) -67 4923 831 33 
H(55) -902 4927 1978 36 
H(56A) -3256 4631 1511 46 
H(56B) -2787 5437 2078 46 
H(57) -4091 5671 1020 41 
H(58A) -2476 6942 789 35 
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H(58B) -2288 6832 1646 35 
H(59A) 701 6190 1721 29 
H(59B) -349 6389 2219 29 
H(60A) -3232 5686 -118 38 
H(60B) -3550 4781 160 38 
H(52C) 12 6145 272 30 
H(52D) 540 5901 1049 30 
H(53X) -1032 4713 367 31 
H(54C) -2512 4303 1266 37 
H(54D) -1006 4796 1663 37 
H(55X) -2643 5271 2199 31 
H(56C) -4333 5024 1140 35 
H(56D) -3947 5967 1462 35 
H(57X) -3982 5893 168 31 
H(58C) -2406 7093 845 27 
H(58D) -1780 6861 146 27 
H(59C) -448 6258 2182 29 
H(59D) -1591 6714 2097 29 
H(60C) -2369 5386 -348 34 
H(60D) -3346 4670 45 34 
H(62) 2720 8716 4373 33 
H(63A) 359 8873 4066 34 
H(65A) 4448 8308 3637 34 
H(65B) 4409 8640 2845 34 
H(65C) 3672 7689 2935 34 
H(66A) -1405 8634 2855 44 
H(66B) -1103 8093 2204 44 
H(66C) -527 9077 2252 44 
H(70) 4708 9153 493 33 
H(71) 4879 9414 -714 40 
H(72) 4541 8331 -1608 43 
H(73) 4013 6991 -1275 54 
H(74) 3795 6718 -70 45 
H(75A) 2832 6574 1024 50 
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H(75B) 3739 6793 1811 50 
H(75C) 4396 6595 1112 50 
H(76A) 5914 8775 1496 44 
H(76B) 6266 7929 1398 44 
H(76C) 5610 8128 2098 44 
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 Table 6.  Torsion angles [°] for C38H42MoN4. 
________________________________________________________________  
N(3)-Mo(1)-N(1)-C(1) -89.73(13) 
C(29)-Mo(1)-N(1)-C(1) 110.66(12) 
N(4)-Mo(1)-N(1)-C(1) 9.68(12) 
N(2)-Mo(1)-N(1)-C(1) -173.86(13) 
N(3)-Mo(1)-N(1)-C(12) 86.32(11) 
C(29)-Mo(1)-N(1)-C(12) -73.30(11) 
N(4)-Mo(1)-N(1)-C(12) -174.28(10) 
N(2)-Mo(1)-N(1)-C(12) 2.18(9) 
N(3)-Mo(1)-N(2)-C(10) 51.08(11) 
C(29)-Mo(1)-N(2)-C(10) -60.40(11) 
N(4)-Mo(1)-N(2)-C(10) -171.19(12) 
N(1)-Mo(1)-N(2)-C(10) -179.29(12) 
N(3)-Mo(1)-N(2)-C(11) -133.68(10) 
C(29)-Mo(1)-N(2)-C(11) 114.83(11) 
N(4)-Mo(1)-N(2)-C(11) 4.04(17) 
N(1)-Mo(1)-N(2)-C(11) -4.06(9) 
C(29)-Mo(1)-N(3)-C(13) -6.7(4) 
N(4)-Mo(1)-N(3)-C(13) 102.8(3) 
N(2)-Mo(1)-N(3)-C(13) -94.6(3) 
N(1)-Mo(1)-N(3)-C(13) -166.9(3) 
N(3)-Mo(1)-N(4)-C(26) -150.23(13) 
C(29)-Mo(1)-N(4)-C(26) -34.16(15) 
N(2)-Mo(1)-N(4)-C(26) 72.78(18) 
N(1)-Mo(1)-N(4)-C(26) 80.54(13) 
N(3)-Mo(1)-N(4)-C(23) 49.33(13) 
C(29)-Mo(1)-N(4)-C(23) 165.40(12) 
N(2)-Mo(1)-N(4)-C(23) -87.66(16) 
N(1)-Mo(1)-N(4)-C(23) -79.90(12) 
C(12)-N(1)-C(1)-C(2) 0.0(2) 
Mo(1)-N(1)-C(1)-C(2) 175.93(11) 
N(1)-C(1)-C(2)-C(3) 1.8(2) 
C(1)-C(2)-C(3)-C(4) -1.5(2) 
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C(2)-C(3)-C(4)-C(12) -0.4(2) 
C(2)-C(3)-C(4)-C(5) -178.42(14) 
C(12)-C(4)-C(5)-C(6) 0.6(2) 
C(3)-C(4)-C(5)-C(6) 178.69(14) 
C(4)-C(5)-C(6)-C(7) -2.1(2) 
C(5)-C(6)-C(7)-C(8) -177.06(14) 
C(5)-C(6)-C(7)-C(11) 0.7(2) 
C(11)-C(7)-C(8)-C(9) -1.7(2) 
C(6)-C(7)-C(8)-C(9) 176.13(14) 
C(7)-C(8)-C(9)-C(10) 0.7(2) 
C(11)-N(2)-C(10)-C(9) -0.5(2) 
Mo(1)-N(2)-C(10)-C(9) 174.75(10) 
C(8)-C(9)-C(10)-N(2) 0.5(2) 
C(10)-N(2)-C(11)-C(7) -0.54(19) 
Mo(1)-N(2)-C(11)-C(7) -176.05(10) 
C(10)-N(2)-C(11)-C(12) -179.03(12) 
Mo(1)-N(2)-C(11)-C(12) 5.46(15) 
C(8)-C(7)-C(11)-N(2) 1.6(2) 
C(6)-C(7)-C(11)-N(2) -176.28(12) 
C(8)-C(7)-C(11)-C(12) -179.91(12) 
C(6)-C(7)-C(11)-C(12) 2.18(19) 
C(1)-N(1)-C(12)-C(4) -2.0(2) 
Mo(1)-N(1)-C(12)-C(4) -178.38(10) 
C(1)-N(1)-C(12)-C(11) 176.18(12) 
Mo(1)-N(1)-C(12)-C(11) -0.25(15) 
C(3)-C(4)-C(12)-N(1) 2.1(2) 
C(5)-C(4)-C(12)-N(1) -179.68(13) 
C(3)-C(4)-C(12)-C(11) -175.92(12) 
C(5)-C(4)-C(12)-C(11) 2.24(19) 
N(2)-C(11)-C(12)-N(1) -3.30(18) 
C(7)-C(11)-C(12)-N(1) 178.16(12) 
N(2)-C(11)-C(12)-C(4) 174.90(12) 
C(7)-C(11)-C(12)-C(4) -3.65(19) 
Mo(1)-N(3)-C(13)-C(14) 54.0(4) 
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Mo(1)-N(3)-C(13)-C(21) -66.4(4) 
Mo(1)-N(3)-C(13)-C(20) 174.3(3) 
N(3)-C(13)-C(14)-C(15) -179.92(12) 
C(21)-C(13)-C(14)-C(15) -58.99(15) 
C(20)-C(13)-C(14)-C(15) 59.11(15) 
C(13)-C(14)-C(15)-C(16) 59.72(15) 
C(13)-C(14)-C(15)-C(22) -59.96(16) 
C(22)-C(15)-C(16)-C(17) 59.99(16) 
C(14)-C(15)-C(16)-C(17) -60.01(16) 
C(15)-C(16)-C(17)-C(18) -59.59(16) 
C(15)-C(16)-C(17)-C(21) 60.70(15) 
C(21)-C(17)-C(18)-C(19) -60.71(16) 
C(16)-C(17)-C(18)-C(19) 59.01(16) 
C(17)-C(18)-C(19)-C(22) -59.26(16) 
C(17)-C(18)-C(19)-C(20) 60.75(16) 
C(22)-C(19)-C(20)-C(13) 60.04(16) 
C(18)-C(19)-C(20)-C(13) -60.03(16) 
N(3)-C(13)-C(20)-C(19) 177.82(12) 
C(14)-C(13)-C(20)-C(19) -59.32(16) 
C(21)-C(13)-C(20)-C(19) 58.41(16) 
C(18)-C(17)-C(21)-C(13) 59.44(16) 
C(16)-C(17)-C(21)-C(13) -61.06(15) 
N(3)-C(13)-C(21)-C(17) -177.20(11) 
C(14)-C(13)-C(21)-C(17) 59.91(15) 
C(20)-C(13)-C(21)-C(17) -57.71(15) 
C(18)-C(19)-C(22)-C(15) 60.21(16) 
C(20)-C(19)-C(22)-C(15) -59.42(16) 
C(16)-C(15)-C(22)-C(19) -60.54(16) 
C(14)-C(15)-C(22)-C(19) 59.29(16) 
C(26)-N(4)-C(23)-C(24) -3.1(3) 
Mo(1)-N(4)-C(23)-C(24) 161.3(2) 
C(26)-N(4)-C(23)-C(27) -177.98(16) 
Mo(1)-N(4)-C(23)-C(27) -13.6(2) 
N(4)-C(23)-C(24)-C(25) 0.6(4) 
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C(27)-C(23)-C(24)-C(25) 174.6(3) 
C(23)-C(24)-C(25)-C(26) 2.3(4) 
C(24)-C(25)-C(26)-N(4) -4.7(4) 
C(24)-C(25)-C(26)-C(28) 177.1(2) 
C(24)-C(25)-C(26)-C(25X) 25.2(12) 
C(23)-N(4)-C(26)-C(25) 5.4(3) 
Mo(1)-N(4)-C(26)-C(25) -157.3(3) 
C(23)-N(4)-C(26)-C(28) -176.55(16) 
Mo(1)-N(4)-C(26)-C(28) 20.7(2) 
N(3)-Mo(1)-C(29)-C(30) -50.1(4) 
N(4)-Mo(1)-C(29)-C(30) -158.8(4) 
N(2)-Mo(1)-C(29)-C(30) 45.9(4) 
N(1)-Mo(1)-C(29)-C(30) 113.2(4) 
Mo(1)-C(29)-C(30)-C(38) 53.1(4) 
Mo(1)-C(29)-C(30)-C(31) -70.3(4) 
Mo(1)-C(29)-C(30)-C(37) 172.7(3) 
C(29)-C(30)-C(31)-C(36) 132.08(14) 
C(38)-C(30)-C(31)-C(36) 9.66(19) 
C(37)-C(30)-C(31)-C(36) -109.89(16) 
C(29)-C(30)-C(31)-C(32) -47.85(17) 
C(38)-C(30)-C(31)-C(32) -170.27(13) 
C(37)-C(30)-C(31)-C(32) 70.18(17) 
C(36)-C(31)-C(32)-C(33) -0.7(2) 
C(30)-C(31)-C(32)-C(33) 179.26(13) 
C(31)-C(32)-C(33)-C(34) 0.7(2) 
C(32)-C(33)-C(34)-C(35) 0.0(2) 
C(33)-C(34)-C(35)-C(36) -0.6(2) 
C(34)-C(35)-C(36)-C(31) 0.5(2) 
C(32)-C(31)-C(36)-C(35) 0.1(2) 
C(30)-C(31)-C(36)-C(35) -179.86(14) 
N(7)-Mo(2)-N(5)-C(39) 98.60(13) 
C(67)-Mo(2)-N(5)-C(39) -97.51(13) 
N(8)-Mo(2)-N(5)-C(39) 4.80(12) 
N(6)-Mo(2)-N(5)-C(39) 177.17(13) 
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N(7)-Mo(2)-N(5)-C(50) -75.41(12) 
C(67)-Mo(2)-N(5)-C(50) 88.49(10) 
N(8)-Mo(2)-N(5)-C(50) -169.21(10) 
N(6)-Mo(2)-N(5)-C(50) 3.17(9) 
N(7)-Mo(2)-N(6)-C(48) -41.60(12) 
C(67)-Mo(2)-N(6)-C(48) 70.38(12) 
N(8)-Mo(2)-N(6)-C(48) -162.87(11) 
N(5)-Mo(2)-N(6)-C(48) 179.57(12) 
N(7)-Mo(2)-N(6)-C(49) 136.95(10) 
C(67)-Mo(2)-N(6)-C(49) -111.07(11) 
N(8)-Mo(2)-N(6)-C(49) 15.68(17) 
N(5)-Mo(2)-N(6)-C(49) -1.88(10) 
C(67)-Mo(2)-N(7)-C(51) 24.1(4) 
N(8)-Mo(2)-N(7)-C(51) -83.9(4) 
N(6)-Mo(2)-N(7)-C(51) 118.2(4) 
N(5)-Mo(2)-N(7)-C(51) -172.3(4) 
N(7)-Mo(2)-N(8)-C(61) 126.77(13) 
C(67)-Mo(2)-N(8)-C(61) 12.21(14) 
N(6)-Mo(2)-N(8)-C(61) -112.24(14) 
N(5)-Mo(2)-N(8)-C(61) -95.46(13) 
N(7)-Mo(2)-N(8)-C(64) -67.62(12) 
C(67)-Mo(2)-N(8)-C(64) 177.81(11) 
N(6)-Mo(2)-N(8)-C(64) 53.37(16) 
N(5)-Mo(2)-N(8)-C(64) 70.15(11) 
C(50)-N(5)-C(39)-C(40) 1.7(2) 
Mo(2)-N(5)-C(39)-C(40) -172.15(11) 
N(5)-C(39)-C(40)-C(41) -1.6(2) 
C(39)-C(40)-C(41)-C(42) -0.3(2) 
C(40)-C(41)-C(42)-C(50) 2.0(2) 
C(40)-C(41)-C(42)-C(43) -179.09(15) 
C(50)-C(42)-C(43)-C(44) 0.6(2) 
C(41)-C(42)-C(43)-C(44) -178.30(15) 
C(42)-C(43)-C(44)-C(45) 0.6(2) 
C(43)-C(44)-C(45)-C(46) 177.81(15) 
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C(43)-C(44)-C(45)-C(49) -0.3(2) 
C(49)-C(45)-C(46)-C(47) 0.6(2) 
C(44)-C(45)-C(46)-C(47) -177.53(15) 
C(45)-C(46)-C(47)-C(48) -0.1(2) 
C(49)-N(6)-C(48)-C(47) 0.3(2) 
Mo(2)-N(6)-C(48)-C(47) 178.83(12) 
C(46)-C(47)-C(48)-N(6) -0.4(2) 
C(48)-N(6)-C(49)-C(45) 0.4(2) 
Mo(2)-N(6)-C(49)-C(45) -178.26(10) 
C(48)-N(6)-C(49)-C(50) 179.06(13) 
Mo(2)-N(6)-C(49)-C(50) 0.44(16) 
C(46)-C(45)-C(49)-N(6) -0.8(2) 
C(44)-C(45)-C(49)-N(6) 177.46(13) 
C(46)-C(45)-C(49)-C(50) -179.47(13) 
C(44)-C(45)-C(49)-C(50) -1.2(2) 
C(39)-N(5)-C(50)-C(42) 0.1(2) 
Mo(2)-N(5)-C(50)-C(42) 174.70(11) 
C(39)-N(5)-C(50)-C(49) -178.72(12) 
Mo(2)-N(5)-C(50)-C(49) -4.11(15) 
C(41)-C(42)-C(50)-N(5) -1.9(2) 
C(43)-C(42)-C(50)-N(5) 179.09(13) 
C(41)-C(42)-C(50)-C(49) 176.83(13) 
C(43)-C(42)-C(50)-C(49) -2.1(2) 
N(6)-C(49)-C(50)-N(5) 2.56(18) 
C(45)-C(49)-C(50)-N(5) -178.71(12) 
N(6)-C(49)-C(50)-C(42) -176.28(13) 
C(45)-C(49)-C(50)-C(42) 2.4(2) 
Mo(2)-N(7)-C(51)-C(58) 159.4(4) 
Mo(2)-N(7)-C(51)-C(52) -77.4(5) 
Mo(2)-N(7)-C(51)-C(59) 40.0(5) 
N(7)-C(51)-C(52)-C(53) 175.86(19) 
C(58)-C(51)-C(52)-C(53) -60.5(3) 
C(59)-C(51)-C(52)-C(53) 62.1(3) 
C(51)-C(52)-C(53)-C(54) -60.4(3) 
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C(51)-C(52)-C(53)-C(60) 60.0(4) 
C(60)-C(53)-C(54)-C(55) -60.2(4) 
C(52)-C(53)-C(54)-C(55) 59.8(4) 
C(53)-C(54)-C(55)-C(59) -60.1(4) 
C(53)-C(54)-C(55)-C(56) 59.5(4) 
C(54)-C(55)-C(56)-C(57) -59.6(5) 
C(59)-C(55)-C(56)-C(57) 60.0(5) 
C(55)-C(56)-C(57)-C(60) 59.6(5) 
C(55)-C(56)-C(57)-C(58) -59.7(5) 
N(7)-C(51)-C(58)-C(57) -178.3(3) 
C(52)-C(51)-C(58)-C(57) 60.1(3) 
C(59)-C(51)-C(58)-C(57) -62.3(3) 
C(56)-C(57)-C(58)-C(51) 60.7(5) 
C(60)-C(57)-C(58)-C(51) -59.1(4) 
C(54)-C(55)-C(59)-C(51) 60.3(3) 
C(56)-C(55)-C(59)-C(51) -58.6(4) 
N(7)-C(51)-C(59)-C(55) -178.45(19) 
C(58)-C(51)-C(59)-C(55) 61.0(3) 
C(52)-C(51)-C(59)-C(55) -62.2(3) 
C(56)-C(57)-C(60)-C(53) -58.5(5) 
C(58)-C(57)-C(60)-C(53) 60.0(5) 
C(54)-C(53)-C(60)-C(57) 59.0(4) 
C(52)-C(53)-C(60)-C(57) -61.1(5) 
C(64)-N(8)-C(61)-C(62) -0.82(16) 
Mo(2)-N(8)-C(61)-C(62) 166.32(11) 
C(64)-N(8)-C(61)-C(65) 176.89(13) 
Mo(2)-N(8)-C(61)-C(65) -16.0(2) 
N(8)-C(61)-C(62)-C(63) 0.41(18) 
C(65)-C(61)-C(62)-C(63) -177.21(14) 
C(61)-C(62)-C(63)-C(64) 0.18(18) 
C(62)-C(63)-C(64)-N(8) -0.70(18) 
C(62)-C(63)-C(64)-C(66) -179.23(16) 
C(61)-N(8)-C(64)-C(63) 0.94(17) 
Mo(2)-N(8)-C(64)-C(63) -167.90(10) 
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C(61)-N(8)-C(64)-C(66) 179.58(14) 
Mo(2)-N(8)-C(64)-C(66) 10.74(19) 
N(7)-Mo(2)-C(67)-C(68) 22.3(4) 
N(8)-Mo(2)-C(67)-C(68) 126.3(4) 
N(6)-Mo(2)-C(67)-C(68) -74.8(4) 
N(5)-Mo(2)-C(67)-C(68) -146.2(3) 
Mo(2)-C(67)-C(68)-C(69) 68.1(4) 
Mo(2)-C(67)-C(68)-C(75) -54.9(4) 
Mo(2)-C(67)-C(68)-C(76) -174.6(3) 
C(67)-C(68)-C(69)-C(74) -126.03(16) 
C(75)-C(68)-C(69)-C(74) -4.8(2) 
C(76)-C(68)-C(69)-C(74) 114.95(17) 
C(67)-C(68)-C(69)-C(70) 56.04(17) 
C(75)-C(68)-C(69)-C(70) 177.27(14) 
C(76)-C(68)-C(69)-C(70) -62.99(17) 
C(74)-C(69)-C(70)-C(71) -0.1(2) 
C(68)-C(69)-C(70)-C(71) 177.92(14) 
C(69)-C(70)-C(71)-C(72) -0.5(2) 
C(70)-C(71)-C(72)-C(73) 0.4(3) 
C(71)-C(72)-C(73)-C(74) 0.3(3) 
C(70)-C(69)-C(74)-C(73) 0.8(3) 
C(68)-C(69)-C(74)-C(73) -177.17(17) 
C(72)-C(73)-C(74)-C(69) -0.9(3) 
________________________________________________________________  
Symmetry transformations used to generate equivalent atoms:  
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Chapter Five 
Studies Towards an Enantioselective Total Synthesis of Rhazinilam: 
Control of Axial Stereogenicity through Enantioselective Olefin Metathesis 
5.1 Introduction 
 In Chapter 1, we discussed how research in enantioselective olefin metathesis has 
greatly focused on desymmetrization reactions that afford enantiomerically enriched 
tertiary and quaternary stereogenic centers; we also examined the problem of residual 
symmetry within the olefin metathesis products.  To address this issue, we introduced 
enantioselective ring-closing metathesis (RCM) of vinyl ethers so that the two olefins 
within the desymmetrized product are electronically differentiated.  While our 
methodology presents a unique way to overcome residual symmetry in olefin metathesis 
products, potentially the most elegant solution is to avoid the problem altogether. 
 One possible approach is to investigate controlling stereogenicity other than that 
at stereogenic centers.  For instance, enantioselective synthesis of allenes, which contain 
a stereogenic axis , might be accomplished in several ways.  Two possible methods are 
illustrated in Scheme 5.1; both transformations have been accomplished non-
enantioselectively.1 
 
 Although there are myriad opportunities, olefin metathesis has rarely been used in 
enantioselective synthesis of stereogenic axes or planes.  To the best of our knowledge, 
                                                            
(1) (a) Ahmed, M.; Arnauld, T.; Barrett, A. G. M.; Braddock, D. C., Flack, K.; Procopiou, P. A. Org. Lett. 
2000, 2, 551-553. (b) Murakami, M.; Kadowaki, S.; Matsuda, T. Org. Lett. 2005, 7, 3953-3956. 
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the only such examples are outlined in Scheme 5.2.  Ogasawara, Takahashi, and 
coworkers have demonstrated the enantioselective synthesis of chiral ferrocenes, which 
contain a stereogenic plane.  Racemic 5.1 may be efficiently resolved (krel >50) in the 
presence of 10 mol % Mo diolate ent-XIa (see Appendix B) to deliver 5.1 and 5.2 in 
enantiomerically enriched form.2  High dilution is required to effect the productive 
reaction and in many instances significant amounts of homodimer of starting material are 
formed, making a precise determination of the enantioselectivity difficult.  The authors 
have also applied this concept to desymmetrization of phosphaferrocenes, such as 5.3.3  
Enantioenriched product 5.4 (90.5:9.5 er) can be obtained with 10 mol % of the catalyst 
derived in situ from bis-pyrrolide complex 5.5 and diol 5.6 (see discussion in Chapter 2, 
Scheme 2.4 for in situ-generation of diolate catalysts).  The Collins group has examined 
kinetic resolution in the synthesis of helicenes.4  Racemic diene 5.7 is resolved with 
moderate selectivity (krel = 5) by chiral Ru catalyst 5.9, bearing a C1-symmetric 
monodentate N-heterocyclic carbene. 
                                                            
(2) Ogasawara, M.; Watanabe, S.; Fan, L.; Nakajima, K.; Takahashi, T. Organometallics 2006, 25, 5201-
5203. 
(3) (a) Ogasawara, M.; Watanabe, S.; Nakajima, K.; Takahashi, T. J. Am. Che m. Soc.  2010, 132, 2136-
2137.  For an application of chiral phosphaferrocenes to enantioselective synthesis, see: Ogasawara, M.; 
Ito, A.; Yoshida, K.; Hayashi, T. Organometallics 2006, 25, 2715-2718. 
(4) Grandbois, A.; Collins, S. K. Chem. Eur. J. 2008, 14, 9323-9329. 
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 Alkaloid natural products comprise a vast and structurally diverse set of 
molecules.  Among them, the Aspidosperma family, originally of interest to us because of 
quebrachamine (see Chapter 2), contains several members that bear a stereogenic axis 
(Figure 5.1), including rhazinilam and its derivatives rhazinal, rhazinicine, and 
leuconolam.5 
                                                            
(5) “Alkaloids of the Aspidospermine Group,” Saxton, J. E. in The Alkaloids ; Cordell, G. A., Ed.; 
Academic Press: New York, 1998; Vol. 51, Chapter 1. 
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Figure 5.1 Representative members of the Aspidosperma alkaloid family
O
 
 We felt that rhazinilam presented an interesting opportunity for controlling the 
absolute stereochemistry of a stereogenic axis in the context of total synthesis.6,7  As 
outlined in Scheme 5.3, we envisioned that the alkaloid could arise from diene 5.10, 
which in turn could come from an enantioselective RCM of racemic triene 5.11.  
Rhazinilam, however, contains two stereogenic components: the stereogenic axis and the 
all-carbon quaternary center.8  The difficulties associated with forming the latter have 
been outlined and addressed in a similar transformation in our quebrachamine synthesis 
(see Chapter 2).  The challenge for our planned rhazinilam synthesis is to control the 
stereochemistry of the axis in the same step that the stereochemistry of the quaternary 
carbon is set, either through a kinetic resolution or through a dynamic enantioselective 
process.9 
                                                            
(6) For a review of “atroposelective” total synthesis of natural products that contain a stereogenic axis, see: 
Bringmann, G.; Gulder, T.; Gulder, T. A. M.; Breuning, M. Chem. Rev. 2010, 110, ASAP. 
(7) The crystal structure of rhazinilam (Scheme 5.3) was obtained from one of the original disclosures of 
the structure of the alkaloid; see: Abraham, D. J.; Rosenstein, R. D. Tetrahedron Lett. 1972, 13, 909-912. 
(8) Quaternary Stereocenters: Challenges and Solutions for Organic Synthesis; Christophers, J.; Baro, A., 
Eds.; Wiley-VCH: Weinheim, 2006. 
(9) There is evidence that the two enantiomers of rac-5.11 may interconvert at elevated temperature (80 
°C), allowing for a dynamic enantioselective process; see: Lévy, J.; Soufyane, M.; Mirand, C.; Döé de 
Mandreville, M.; Royer, D. Tetrahedron: Asymmetry 1997, 8, 4127-4133. 
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Scheme 5.3 Our strategy for enantioselective rhazinilam synthesis
 
5.2 Diastereoselective RCM to prepare stereogenic planes in total synthesis  
 Although they have not been prepared in an enantioselective step, there have been 
a handful of instances where stereogenic planes have been formed diastereoselectively by 
ring-closing metathesis in the preparation of complex molecules.  One such instance is in 
a synthesis of longithorone A by the Shair group (Scheme 5.4).10  Enynes 5.13 and 5.14 
may both be prepared by enantioselective vinyl additions to aldehyde 5.12.  An unusual 
endo-selective ring-closing enyne metathesis11 in the presence of 50 mol % achiral Ru 
catalyst III (see Appendix A) delivers 5.15 and 5.16, respectively, which may then be 
taken on to the target molecule.  Despite the high catalyst loading, the RCM products are 
obtained in only moderate yields (31 and 42% yield).  Additionally, in both 5.13 and 
5.14, the stereogenic center serves as a stereo-controlling element, orchestrating at which 
face of the arene the ring-closure takes place; subsequently, these stereogenic centers 
must be deleted as their functionality does not appear in the natural product (the benzylic 
                                                            
(10) Layton, M. E.; Morales, C. A.; Shair, M. D. J. Am. Chem. Soc. 2002, 124, 773-775. 
(11) Ru-catalyzed enyne metatheses are usually selective for the exocyclic 1,3-diene.  For Mo-catalyzed 
endo-selective enyne metathesis, see: (a) Singh, R.; Schrock, R. R.; Müller, P.; Hoveyda, A. H. J. Am. 
Chem. Soc.  2007, 129, 12654-12655. (b) Lee, Y-J.; Schrock, R. R.; Hoveyda, A. H. J. Am. C hem. Soc . 
2009, 131, 10652-10661. 
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carbons are saturated in longithorone A).  An enantioselective enyne metathesis would 
obviate the need for the stereogenic benzylic ethers and might allow for a more efficient 
synthesis. 
 
 The Nicolaou group has taken advantage of diastereoselective ring-closing olefin 
metathesis in non-enantioselective syntheses of coleophemones B and C (Scheme 5.5).12  
Diones 5.17 and 5.18 are obtained as a separable mixture from methylation of the 
corresponding triketone with diazomethane.  When each is subjected to 10 mol % achiral 
Ru catalyst IV (Appendix A), bicycles 5.19 and 5.20 are furnished, respectively, as single 
diastereomers.  In each case, ring-closure occurs at the prenyl unit that is syn to the 
methyl group, whose stereochemistry is irrelevant for the target molecule.  Thus, in a 
                                                            
(12) (a) Nicolaou, K. C.; Vassilikogiannakis, G.; Montagnon, T. Angew. Chem., Int. Ed.  2002, 41, 3276-
3281. (b) Nicolaou, K. C.; Montagnon, T.; Vassilikogiannakis, G.; Mathison, C. J. N. J. Am. C hem. Soc. 
2005, 127, 8872-8888. 
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single olefin metathesis step, the stereochemistry of the stereogenic center and the 
stereogenic plane are both set, as in our planned rhazinilam synthesis.  Interestingly, 5.17 
and 5.18, which differ only in the site of methylation, exclusively deliver opposite olefin 
isomers in the RCM, permitting the synthesis of both natural products. 
 
5.3 Isolation and biological activity of rhazinilam 
 First isolated in 1965 from the plant Melodinus australis ,13 rhazinilam has also 
been isolated from several plants in the South Pacific, including Rhazya stricta 
Decaisne14 and Kopsia singapurensis15 among others.  Its structure was first determined 
independently by two groups in 1972.7,16 
                                                            
(13) Linde, H. H. A. Helv. Chim. Acta 1965, 48, 1822-1842. 
(14) Banerji, A.; Majumder, P. L.; Chatterjee, A. Phytochemistry 1970, 9, 1491-1493. 
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Rhazinilam has attracted significant attention from the scientific community due 
to its interesting biological activity.17  The alkaloid induces spiralization of tubulin, 
similar to vinblastine, but also prevents the disassembly of microtubules as taxol does, 
although the two compounds exhibit different modes of action.15,17c  Rhazinilam displays 
potent in vitro anti-cancer activity against a number of cancer cell lines, including the KB 
cell line (IC50 = 0.6 μM) and the MCF7 line (IC50 = 4.0 μM).17d  The compound, 
however, is not active in vivo  in both rats and humans presumably due to metabolic 
oxidation of the tetrahydroindolizine ring.17e  There have been a number of studies 
directed towards discovery of more potent analogues of the alkaloid,17b-d,f but nearly all 
structures have been less active than rhazinilam itself and all show the same in vivo  
inactivity. 
5.4 Previous total syntheses of rhazinilam 
 Despite the lack of in vivo  activity, rhazinilam continues to be a sought-after 
target for synthetic chemists due to its unique structure.  It is instructive to compare the 
different synthesis strategies utilized in previous syntheses with our proposal, as each 
highlights the challenges associated with constructing rhazinilam’s complex structure. 
 Racemic rhazinilam was first prepared in 1973 by Smith and coworkers according 
to the sequence outlined in Scheme 5.6.18  Carboxylic acid 5.22 can easily be obtained 
from tricarbonyl 5.21 and is elaborated to primary tosylate 5.23 through a four step 
sequence.  The aryl-substituted pyrrole of the target compound is prepared from α-keto 
acid 5.24 in 10% yield over four steps; the sodium salt of the pyrrole (5.25) is then 
                                                                                                                                                                                 
(15) Thoison, O.; Guénard, D.; Sévenet, T.; Kan-Fan, C.; Quirion, J. C.; Husson, H. P.; Deverre, J. R.; 
Chan, K. C.;  Potier, P. C. R. Acad. Sci., Ser. II: Mec., Phys., Chim., Sci. Terre Univers 1987, 304, 157-160. 
(16) De Silva, K. T.; Ratcliffe, A. H.; Smith, G. F.; Smith, G. N. Tetrahedron Lett. 1972, 13, 913-916. 
(17) (a) David, B.; Sévenet, T.; Morgat, M.; Guénard, D.; Moisand, A.; Tollon, Y.; Thoison, O.; Wright, 
M. Cell Motility and the Cytoskeleton 1994, 28, 317-326. (b) David, B.; Sévenet, T.; Thoison, O.; Awang, 
K.; Paїs, M.; Wright, M.; Guénard, D. Bioorg. & Med. Chem. Lett.  1997, 7, 2155-2158. (c) Dupont, C.; 
Guénard, D.; Tchertanov, F.; Thoret, S.; Guéritte, F. Bioorg. & Med. C hem. 1999, 7, 2961-2969. (d) 
Baudoin, O.; Claveau, F.; Thoret, S.; Herrbach, A.; Guénard, D.; Guéritte, F. Bioorg. & Med. Chem. 2002, 
10, 3395-3400. (e) Décor, A.; Bellocq, D.; Thoison, O.; Lekieffre, N.; Chiaroni, A.; Ouazzani, J.; Cresteil, 
T.; Guéritte, F.; Baudoin, O. Bioorg. & Med. Chem. 2006, 14, 1558-1564. (f) Décor, A.; Monse, B.; Martin, 
M-T.; Chiaroni, A.; Thoret, S.; Guénard, D.; Guéritte, F.; Baudoin, O. Bioorg. & Med. C hem. 2006, 14, 
2314-2332. (g) Edler, M. C.; Yang, G.; Jung, M. K.; Bai, R.; Bornmann, W. G.; Hamel, E. Arch. Biochem. 
Biophys. 2009, 487, 98-104. 
(18) Ratcliffe, A. H.; Smith, G. F.; Smith, G. N. Tetrahedron Lett. 1973, 14, 5179-5184.   
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combined with tosylate 5.23 to deliver 5.26, the key intermediate in the synthesis.  
Treatment of 5.26 with AlCl3 leads to ring-opening of the lactone, forming a tertiary 
carbocation that is trapped by the neighboring nucleophilic pyrrole to furnish tricycle 
5.27 (50% yield).  The ester moiety on the pyrrole ring serves as a protecting group such 
that alkylation occurs at the sterically more hindered position of the heterocycle.  A series 
of transformations convert 5.27 to rhazinilam.19  It is important to note that the 
stereochemistry of the axis is set in the lactamization event, which may only give one 
diastereomer, as dictated by the stereochemistry of the quaternary carbon. 
 
 After the pioneering synthesis by Smith, two other syntheses of racemic 
rhazinilam have been reported, both several decades later.  Magnus and colleagues 
accomplished a 12 step synthesis in 2001 with a net [3+2] cycloaddition as the key step 
(Scheme 5.7).20  Double alkylation of 2-piperidone delivers the all-carbon quaternary 
                                                            
(19) A semi-synthesis of rhazinilam from 1,2-dehydroaspidospermidine also appears in this report; for an 
additional semi-synthesis of rhazinilam from a member of the Aspidosperma family, see ref 9. 
(20) Magnus, P.; Rainey, T. Tetrahedron 2001, 57, 8647-8651.  
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stereogenic center found in the alkaloid (5.28).  Conversion of the amide functionality to 
a thioimidate (5.29) is accomplished in two steps.  The stage is now set for the 
cycloaddition reaction: treatment of 5.29 with o-nitrocinnamyl bromide, followed by 
aromatization with DBU furnishes tetrahydroindolizine 5.30.  Conversion of the allyl 
group to a carboxylic acid provides 5.31 in three steps; reduction of the nitro group and 
lactamization affords rhazinilam. 
 
 The Trauner group has employed a different strategy for forming the nine-
membered ring amide of rhazinilam, although their strategy again relies on a 
diastereoselective ring-closure, governed by the stereochemistry at the stereogenic 
center.21  Beginning with carboxylic acid 5.32, obtained through the same type of Lewis 
acid-mediated rearrangement employed by Smith (5.26 to 5.27, Scheme 5.6), amide 
formation, followed by protection of the acidic N-H bond, delivers 5.33.  With the aryl 
iodide substrate in hand, formation of the stereogenic axis is accomplished through a Pd-
catalyzed C-H functionalization reaction, promoted by Buchwald’s DavePhos ligand, 
which is uniquely suited to accomplishing the transformation – all other ligands lead 
predominantly to reduction of the aryl iodide.  Once again, the transformation is 
                                                            
(21) Bowie, A. L., Jr.; Hughes, C. C.; Trauner, D. Org Lett. 2005, 7, 5207-5209.   
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completely diastereoselective, delivering 5.34 in 47% yield.  Deprotection of 5.34 then 
affords rhazinilam. 
 
 Sames and coworkers completed the first enantioselective synthesis of rhazinilam 
in 2000.22  Subsequently, they published a full account of their studies in 2002, which 
included a slightly different end game; the latter strategy is outlined in Scheme 5.9.23  
Beginning with tetrahydroindolizine 5.35, prepared in analogous manner to 5.30 in 
Magnus’s synthesis (Scheme 5.7), three concise steps deliver aniline 5.36.  The aniline 
functionality is necessary to couple on a chiral auxiliary, which directs the key 
stereoselective dehydrogenation to furnish the quaternary stereogenic center.  Thus, 
addition of a benzoyl-substituted oxazoline and a Pt salt leads to 5.37, which is not 
isolated but instead treated with triflic acid to deliver cationic Pt complex 5.38.  Gently 
heating 5.38 in trifluoroethanol causes C-H activation of one of the two diastereotopic 
ethyl groups, followed by dehydrogenation to afford olefin complex 5.39; Pt is then 
removed by treatment with KCN, delivering 5.40 in 42% yield as a 4.4:1 mixture of 
diastereomers.  Removal of the auxiliary is accomplished by hydrolysis with 
                                                            
(22) Johnson, J. A.; Sames, D. J. Am. Chem. Soc. 2000, 122, 6321-6322. 
(23) Johnson, J. A.; Li, N.; Sames, D. J. Am. Chem. Soc. 2002, 124, 6900-6903. 
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hydroxylamine to yield 5.41.  Through an elegant strategy, the researchers carry out the 
lactam formation by a reductive carbonylative cross-coupling, catalyzed by Pd on carbon; 
5.42 is obtained in 58% yield from 5.40.  Deprotection then affords rhazinilam. 
N
NH
Et
O
N
Et
O2N Et
3 steps
N
Et
H2N Et
MeO2C
88% yield
N
OO
Ph
Cy
1)
TsOH
2) [Me2Pt( -SMe2)]2
N
MeMeO O
MeN
Ph
N
O
Cy
Pt
Me
Me
TfOH
N
MeMeO O
MeN
Ph
N
O
Cy
Pt
Me
CF3CH2OH
70 °C, 72 h
N
MeMeO O
N
Ph N
O Cy
Pt
H
OTf
KCN
N
MeMeO O
N
Ph
N
O
Cy
66% conv, 42% yield
4.4:1 dr
( )-rhazinilam
NH2OH
N
NH2
Et
5 mol % Pd/C, dppb
HCOOH, CO (10 atm)
aq. NaOH, MeOH;
aq. HCl, 50 °C
58% yield (2 steps)
TfO
DME, 150 °C
N
NH
Et
O
MeO2CMeO2C
90% yield
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 Banwell and coworkers have utilized a non-metal catalyzed protocol for setting 
the stereochemistry at the quaternary carbon.24  Unsaturated aldehyde 5.43 is subjected to 
20 mol % of MacMillan’s catalyst, which leads to a conjugate addition, affording 5.44 in 
81% yield and 87:13 er.  A one-carbon homologation is accomplished in four steps 
delivering ester 5.45, which is then elaborated to aniline 5.46.  Hydrolysis of the ester and 
                                                            
(24) Banwell, M. G.; Beck, D. A. S.; Willis, A. C. ARKIVOC 2006, 163-174. 
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lactam formation yields rhazinal, which may be deformylated with a stoichiometric 
amount of Wilkinson’s catalyst to afford rhazinilam. 
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 The Nelson group has employed their enantioselective [2+2] cycloaddition 
methodology in a concise 11-step synthesis of rhazinilam.25  2-Pentynal takes part in the 
cinchona alkaloid catalyzed cycloaddition with propionyl chloride, affording β-lactone 
5.47 as a single diastereomer and enantiomer in 72% yield.  Cu-catalyzed allylic 
substitution with Grignard reagent 5.48 furnishes allene 5.49 as a single diastereomer; the 
carboxylic acid is then protected as its methyl ester to prevent cyclization of the acid onto 
the allene in the next step.  A gold-catalyzed annulation reaction of the pyrrole and allene 
then affords tetrahydroindolizine 5.50 with nearly complete stereogenicity transfer (97:3 
dr).  Protection of the pyrrole with a carboxylic ester, followed by oxidative cleavage of 
the olefin, delivers aldehyde 5.51, which was then transformed to the target alkaloid in 
five steps. 
                                                            
(25) Liu, Z.; Wasmuth, A. S.; Nelson, S. G. J. Am. Chem. Soc. 2006, 128, 10352-10353. 
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 Whereas all of the above syntheses rely on the stereochemistry of the stereogenic 
center to control that of the stereogenic axis, a recent synthesis by Zakarian and 
coworkers has employed the reverse strategy.26  Pyrrole 5.52, accessed through a biaryl 
cross-coupling procedure, is site-selectively iodinated with NIS, presumably directed by 
the neighboring aniline moiety, to deliver aryl iodide 5.53.  Alkylation of the pyrrole with 
iodide 5.54 then affords t-butyl ester 5.55, which is subsequently converted to a racemic 
mixture of lactam 5.56.  The two enantiomers of 5.56 are separated by preparative HPLC 
in order to demonstrate the key transformation: Heck reaction leads to six-membered ring 
formation; 5.57 is isolated as a single diastereomer, illustrating that the stereogenicity of 
the axis may dictate the stereochemistry at the quaternary carbon.  Hydrogenation 
delivers rhazinilam. 
                                                            
(26) Gu, Z.; Zakarian, A. Org. Lett. 2010, 12, 4224-4227. 
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 In the majority of the previous rhazinilam syntheses, the stereochemistry of the 
stereogenic center dictates that of the stereogenic axis, which is usually formed through a 
lactamization reaction.  The synthesis by the Zakarian group offers a rare exception, 
where the stereochemistry of the axis controls the stereochemistry of the center, formed 
in a Heck reaction.  In none of the previous syntheses, however, is the stereochemistry of 
both elements controlled in the same step; most importantly, the absolute stereochemistry 
of the stereogenic axis has not been controlled through enantioselective catalysis.27 
5.5 Additional challenge for our metathesis study: formation of a divinyl-substituted 
all-carbon quaternary center 
 In addition to the difficult task of controlling centro and axial stereogenicity in the 
same enantioselective olefin metathesis step (conversion of rac-5.11 to 5.10, Scheme 
5.3), there is another major challenge associated with our synthesis plan: the formation of 
                                                            
(27) For non-enantioselective syntheses of other related Aspidosperma alkaloids, see: For rhazinal: (a) 
Banwell, M. G.; Edwards, A. J.; Jolliffe, K. A.; Smith, J. A.; Hamel, E.; Verdier-Pinard, P. Org. Biomol. 
Chem. 2003, 1, 296-305. (b) Bowie, A. L., Jr.; Trauner, D. J. Or g. Chem. 2009, 74, 1581-1586.  For 
rhazinicine: (c) Beck, E. M.; Hatley, R.; Gaunt, M. J. Angew. Chem., Int. Ed. 2008, 47, 3004-3007.  For a 
review regarding C-H activation strategies in the synthesis of these Aspidosperma alkaloids, see: (d) Le 
Floc’h, D.; Gouault, N.; David, M.; van de Weghe, P. ARKIVOC 2010, 247-259. 
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a divinyl-substituted all-carbon quaternary center.  Although one could envision a 
number of potential methods for introducing such a center, several of which are outlined 
in Scheme 5.13, relatively few have been explored.  Most of these methods require the 
functionalization of an allylic carbon, which necessitates a high degree of site-selectivity 
in the reaction. 
 One protocol would require the addition of a vinyl metal in an allylic substitution 
reaction (Path A, Scheme 5.13); the leaving group could be positioned at either the 
terminal position or at the quaternary carbon, but in either case a site-selective 
substitution is needed.  A related allylic substitution would involve addition of an alkyl or 
aryl nucleophile to a substrate that contains either a conjugated diene or an unstable 
tertiary, doubly allylic leaving group (Path B); controlling site-selectivity in the 
alkylation is even more complex than in Path A. 
 
 Alternatively, a pentadienyl nucleophile might be induced to trap an electrophile 
such as a carbocation or carbonyl (Path C); once again reaction must occur at the 
sterically more hindered position of the conjugated reagent.  A related method (Path D) 
would require an allyl nucleophile to attack a vinyl cation equivalent.  A double 
elimination protocol (Path E) could also be employed as might a ring-opening cross-
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metathesis of an often difficult-to-prepare cyclopropene (Path F).  Nearly all of these 
methods have been explored in the course of our attempts to prepare rhazinilam, two of 
which will be discussed in this chapter. 
5.6 Existing protocols for the preparation of divinyl-substituted all-carbon 
quaternary centers 
 Before discussing some of our attempts to prepare the divinyl-substituted 
quaternary center, it should be noted that there are a handful of reported methods that 
already exist.  To the best of our knowledge, there are only four established methods for 
preparing divinyl quaternary carbons, two of which resulted from total syntheses 
involving olefin metathesis.  As shown in Scheme 5.14, double alkylation of ethyl 
crotonate affords the all-carbon quaternary center in 5.58, which contains one of the vinyl 
groups.  The ester moiety is then converted to a vinyl group by conventional methods, 
including a Wittig olefination, to deliver divinyl 5.59.28  Yamaguchi and coworkers have 
introduced an interesting alkylation reaction where TMS-acetylene serves as an 
electrophilic surrogate to a vinyl cation.29  Treatment of silyl ketene acetal 5.60 with 
TMS-acetylene and GaCl3 leads to alkylation at the sterically more congested position; 
addition of acid then furnishes thioester 5.61 in 69% yield. 
 
                                                            
(28) Copéret, C.; Ma, S.; Negishi, E-i. Angew. Chem., Int. Ed. Engl. 1996, 35, 2125-2126. 
(29) Arisawa, M.; Miyagawa, C.; Yoshimura, S.; Kido, Y.; Yamaguchi, M. Chem. Lett. 2001, 1080-1081. 
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 The Shishido group has utilized a gem-divinyl quaternary center in the 
preparation of aspidospermidine (Scheme 5.15); a diastereoselective RCM involving one 
of the two vinyl groups sets the quaternary stereogenic center of the alkaloid (not 
shown).30  The divinyl functionality was established in six steps from Weinreb amide 
5.62.  Conversion of the amide to allyl vinyl ether 5.63 sets the stage for i-Bu3Al-
mediated Claisen rearrangement, delivering 5.64 in 48% overall yield.  The resulting 
primary alcohol in 5.64 may be subjected to Grieco elimination to afford the divinyl 
center in 5.65. 
 As described in Chapter 2, our group has also utilized a divinyl all-carbon 
quaternary center in the course of an enantioselective synthesis of quebrachamine.31  The 
divinyl center was prepared by ring-opening cross-metathesis of cyclopropene 5.68 with 
ethylene in the presence of achiral Ru catalyst VIa (Appendix A), affording 5.69.  The 
cyclopropene was synthesized from diazo reagent 5.66 by a Rh-catalyzed cycloaddition 
with TMS-acetylene to deliver 5.67, which was subsequently desilylated (5.68). 
                                                            
(30) Fukuda, Y-i.; Shindo, M.; Shishido, K. Org. Lett. 2003, 5, 749-751. 
(31) Sattely, E. S.; Meek, S. J.; Malcolmson, S. J.; Schrock, R. R.; Hoveyda, A. H. J. Am. Chem. Soc. 2009, 
131, 943-953.  
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Scheme 5.15 Formation of divinyl quaternary carbon centers in complex molecule synthesis
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5.7 Allylic substitution strategy for accessing the requisite divinyl quaternary center 
 Of the numerous possible disconnections at our disposal, we felt that an allylic 
substitution might be one of the most straightforward.  In this strategy, the pyrrole moiety 
could attack a metal π-allyl complex, formed from a doubly allylic leaving group 
(Scheme 5.16).  Thus, in an intramolecular reaction, rac-5.11 could be disconnected to 
tertiary alcohol 5.70, which would arise from condensation of aniline 5.71 and divinyl-
lactone 5.72; lactone 5.72 is derived from γ-butyrolactone.  The pyrrole unit in 5.71 may 
come from aldehyde 5.73, which is prepared through a Claisen rearrangement of vinyl 
ether 5.74, obtained in two steps from o-nitrocinnamaldehyde. 
 One could also envision the allylic substitution taking place intermolecularly (rac-
5.11 from 5.75, Scheme 5.16).  For the intermolecular coupling, not only must the site of 
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alkylation at the π-allyl complex be controlled, but which carbon of the pyrrole (2 vs 5 
position) takes place in the bond formation must also be managed; this might be 
accomplished by protecting the pyrrole with a carboxylic ester (5.75b) as was done for 
many other rhazinilam syntheses.  In an intermolecular reaction, divinyl-lactone 5.72 
might serve as the electrophile or, alternatively, acyclic alcohol, acetate, or carbonate 
5.76a-c may also function in that capacity. 
Scheme 5.16 Allylic substitution strategy with the pyrrole as nucleophile
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 Several related branch-selective allylic substitutions have recently been disclosed.  
The Martin group has published a Rh-catalyzed procedure with malonate nucleophiles; 
substitution usually takes place at the site of the leaving group although steric preferences 
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of the substrate may override this principle in certain cases (Scheme 5.17).32  Doubly 
allylic acetate 5.77 proceeds with nearly complete branched selectivity, affording 5.78 in 
74% yield.  All-carbon quaternary centers can be formed (5.79) and allylic lactones may 
serve as the leaving group, although, disconcertingly, only the linear product is obtained 
(5.80). 
 
 Pregosin and coworkers have reported branch-selective allylic substitution with 
various electron-rich pyrroles as nucleophiles (Scheme 5.17).33  Reactions are usually fast 
(<10 min) and typically only the branched product is observed.  With sterically hindered 
pyrrole 5.81, however, the reaction rate is slightly retarded and some of the linear product 
can be observed (5.83).  Although a divinyl electrophile was not explored, all secondary 
allylic alcohols were also benzylic (e.g., 5.82); tertiary alcohols have not been examined. 
 The possible electrophiles for our rhazinilam synthesis were prepared as outlined 
in Scheme 5.18.  Double addition of vinyl magnesium bromide to γ-butyrolactone in the 
presence of CeCl3 affords a 20:1 mixture of desired diol 5.84:5.85; despite the high 
                                                            
(32) (a) Ashfeld, B. L.; Miller, K. A.; Martin, S. F. Org. Lett.  2004, 6, 1321-1324. (b) Ashfeld, B. L.; 
Miller, K. A.; Smith, A. J.; Tran, K.; Martin, S. F. Org. Lett. 2005, 7, 1661-1663. (c) Ashfeld, B. L.; Miller, 
K. A.; Smith, A. J.; Tran, K.; Martin, S. F. J. Org. Chem. 2007, 72, 9018-9031. 
(33) (a) Zaitsev, A. B.; Gruber, S.; Plüss, P. A.; Pregosin, P. S.; Veiros, L. F.; Wörle, M. J. Am. Chem. Soc. 
2008, 130, 11604-11605 and references cited therein.  For a related catalyst system, see: Sundararaju, B.; 
Achard, M.; Demerseman, B.; Toupet, L.; Sharma, G. V. M.; Bruneau, C. Angew. Chem., Int. Ed. 2010, 49, 
2842-2845. 
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selectivity for 1,2-addition in the second alkylation, 5.84 is isolated in only 61% yield 
owing to the instability of the tertiary alcohol to chromatography.  The diol can be 
oxidized to divinyl-lactone 5.72 in 41% yield; again, the low yield can be attributed to the 
lability of the tertiary alcohol.  Alternatively, the primary alcohol may be protected as the 
TBS ether, furnishing 5.76a. 
 
 We elected to prepare the pyrrole ring through a Paal-Knorr synthesis.34  
Aldehyde 5.73, the precursor to the cyclization reaction, is formed through a three-step 
sequence from o-nitrocinnamaldehyde as outlined in Scheme 5.19.  Attempted conjugate 
addition of divinyl cuprate to the unsaturated aldehyde resulted only in 1,2-addition; use 
of the higher order cuprate led to decomposition.  Thus, reduction of the aldehyde to 
alcohol 5.86 and formation of vinyl ether 5.7435  was carried out and proceeded 
uneventfully.  Claisen rearrangement to deliver 5.73 was difficult to achieve; thermal 
rearrangement furnishes the aldehyde in only 56% yield (71% conversion).  Addition of 
an Al-based Lewis acid36 does not promote the rearrangement at low temperature (-78 to 
0 °C) and leads only to decomposition at ambient temperature.    Ozonolysis of the olefin 
                                                            
(34) For a similar pyrrole formation in complex molecule synthesis, see: Wehn, P. M.; Du Bois, J. Angew. 
Chem., Int. Ed. 2009, 48, 3802-3805. 
(35) Bosch, M.; Schlaf, M. J. Org. Chem. 2003, 68, 5225-5227. 
(36) Saito, S.; Shimada, K.; Yamamoto, H. Synlett 1996, 720-722. 
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in 5.73 yields a complex mixture, which can be directly subjected to the Paal-Knorr 
conditions for pyrrole formation; 5.87 is isolated in 71% yield. 
 
 From pyrrole 5.87, several potential nucleophiles for the planned allylic 
substitution were prepared.  Reduction of the nitro group (5.87) to the aniline (5.71) was 
accomplished with SnCl2 (Scheme 5.20).  Condensation of aniline 5.71 with divinyl-
lactone 5.72 occurred by first deprotonating 5.71 with i-PrMgCl; the moderate yield of 
5.70 is due to low conversion in the reaction (61% conversion, 48% yield).  To access the 
protected pyrrole nucleophile for an intermolecular allylic substitution, pyrrole 5.87 was 
treated with oxalyl chloride, followed by MeOH;37 the desired methyl ester-protected 
pyrrole 5.88 was isolated as a 2:1 partially separable mixture with regioisomer 5.89 
(Scheme 5.20). 
                                                            
(37) For related esterifications, see: (a) Kakushima, M.; Hamel, P.; Frenette, R.; Rokach, J. J. Org. Chem. 
1983, 48, 3214-3219. (b) Jacobi, P. A.; Buddhu, S. C. Tetrahedron Lett. 1988, 29, 4823-4826. 
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 With a number of potential nucleophiles and electrophiles for the allylic 
substitution to afford the all-carbon quaternary center, we initially examined the 
intramolecular cyclization of 5.70 since it directly furnishes RCM substrate rac-5.11.  
Subjection of pyrrole 5.70 to 20 mol % of a cationic Ru catalyst and CSA, conditions 
reported by Pregosin, leads to a complex mixture of products, which does not contain the 
desired nine-membered ring lactam (Scheme 5.21).  Use of the weaker acid PPTS results 
only in re-isolation of 5.70.  We reasoned that formation of a strained nine-membered 
ring and an all-carbon quaternary center, together with the presence of a nucleophilic 
amide five atoms away, was a tall order to fill in the desired cyclization; however, the 
intermolecular reaction of pyrrole 5.87 with tertiary alcohol 5.76a also does not deliver 
5.90 (alkylation at the 2-position of the pyrrole) nor the regioisomeric alkylation at the 5-
position of the pyrrole (Scheme 5.21).  Instead, 5.87 is recovered along with primary 
alcohol 5.91 (1:1 E:Z).  Although this result might be partially explained by the lability of 
the tertiary alcohol, it is likely that the formation of quaternary centers by this 
methodology requires the development of a more reactive catalyst. 
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Scheme 5.21 Ru-catalyzed allylic substitution
 
 The Rh-catalyzed procedure reported by the Martin group also failed to deliver 
the quaternary center (Scheme 5.22).  Subjection of pyrrole 5.88, together with 
regioisomer 5.89, to divinyl-lactone 5.72 and a catalytic amount of Rh dicarbonyl 
chloride dimer does not lead to any observable reaction – neither the desired 5.75b nor its 
regioisomer are obtained; the starting materials are re-isolated intact.  From these 
investigations, it was clear to us that the pyrrole nucleophiles we had prepared were not 
capable of attacking a metal π-allyl complex to form a divinyl-substituted quaternary 
center.  We thus began to explore other synthesis strategies for forming the sterically 
hindered center. 
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5.8 Allylic vinylation strategy for preparing the all-carbon quaternary center 
 An alternative allylic substitution strategy might involve the addition of a vinyl 
nucleophile to form a gem-divinyl quaternary center (Path A, Scheme 5.13).  Our group 
has recently reported an enantioselective synthesis of divinyl-substituted all-carbon 
quaternary centers by an allylic substitution reaction where vinyl aluminum reagents 
serve as the nucleophile (Scheme 5.23).38  In the presence of an NHC-Cu catalyst, 
derived from dimeric Ag complex 5.94, allylic phosphates, such as 5.92, react with 
substituted vinyl aluminum reagents to generate all-carbon quaternary stereogenic centers 
(5.93) in good to excellent yields and enantioselectivities. 
 
 Therefore, we reasoned that the addition of an unsubstituted vinyl group from an 
aluminum reagent could furnish the gem-divinyl center needed for our rhazinilam 
synthesis.  We thought that rac-5.11 could come from unsaturated ester 5.95, which 
might be derived from a rearrangement of substituted tryptamine 5.96 (Scheme 5.24).39  
The unsaturated ester could arise from a homologation of ester 5.97, with the quaternary 
carbon prepared from allylic phosphate 5.98.  We envisioned that the phosphate might 
come from a Stille coupling of stannane 5.99,40 prepared by Beth Sattely in an 
unsuccessful route to quebrachamine, and known halide 5.100.41 
                                                            
(38) Gao, F.; McGrath, K. P.; Lee, Y.; Hoveyda, A. H. J. Am. Chem. Soc. 2010, 132, 14315-14320. 
(39) For related methods, see: (a) Ohno, M.; Spande, T. F.; Witkop, B. J. Am. Chem. Soc. 1970, 92, 343-
348. (b) Okada, M.; Sato, I.; Cho, S. J.; Dubnau, D.; Sakagami, Y. Tetrahedron 2006, 62, 8907-8918. 
(40) Sattely, E. S., Ph. D. Thesis, Chapter 3 (Boston College, 2007). 
(41) Tanaka, K.; Katsumura, S. Org. Lett. 2000, 2, 373-375. 
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Scheme 5.24 NHC Cu-catalyzed allylic vinylation strategy
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 In the forward sense, amine 5.99 was prepared in three steps from 
bromoethylindole as outlined previously;40 protection of the amine as the Boc carbamate 
(5.101) was easily accomplished (Scheme 5.25).  Synthesis of vinyl bromide 5.100 was 
carried out through a known set of transformations: protection of allyl alcohol as the TBS 
ether (5.102), followed by ozonolysis and Wittig reaction delivers allyl ether 5.103;41,42 
the low yield of the two-step sequence to furnish 5.103 is due to the poor efficiency of the 
ozonolysis reaction, in which many side reactions occur.  Acid deprotection of the TBS 
group then delivers 5.100. 
 Unfortunately, the Stille coupling of the sterically hindered stannane 5.101 and 
somewhat hindered halide 5.100 is an inefficient reaction.43  The optimal conditions, 
shown in Scheme 5.25, utilize Pd2(dba)3 with AsPh3 as ligand and CuCl and LiCl 
additives;44 under these conditions, there is only 15% yield on average of the desired 
5.104, which is accompanied by difficult-to-separate Sn byproducts.  Likely the 
transmetallation event is significantly retarded by the steric hindrance of the two partners.  
Phosphorylation of the primary alcohol in 5.104 affords allylic phosphate 5.98. 
                                                            
(42) For the preparation of the phosphorus ylide, see: Denney, D. B.; Ross, S. T. J. Org. Chem. 1962, 27, 
998-1000. 
(43) Farina, V.; Krishnamurthy, V.; Scott, W. J.; The Stille Reaction; Wiley-VCH: Weinheim, 1998. 
(44) For the use of CuCl and LiCl additives for Stille couplings of sterically hindered substrates, see: Han, 
X.; Stoltz, B. M.; Corey, E. J. J. Am. Chem. Soc. 1999, 121, 7600-7605. 
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 With the small quantities of allylic phosphate 5.98, obtained through the Stille 
coupling, we first examined the allylic vinylation reaction with a model nucleophile: 
diisobutyloctenylaluminum, utilized in our group’s enantioselective allylic substitution 
studies (Scheme 5.23), is obtained by hydroalumination of 1-octyne with 
diisobutylaluminum hydride.  In the presence of five equivalents of the octenylaluminum 
reagent and 5 mol % of an NHC-Cu complex (5 mol % CuCl2•2H2O + 2.5 mol % 5.94), 
phosphate 5.98 is transformed to 1,4-diene 5.105 in 35% yield at -15 °C (35% 
conversion, Table 5.1, entry 1); although more of the substrate is consumed at higher 
temperature (4 °C), the yield is not improved (entry 2).45 
                                                            
(45) The enantiopurity of 5.105 was not determined as authentic racemic material could not be prepared in 
the limited number of attempts made. 
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 The unsubstituted vinyl nucleophile needed for the synthesis is not prepared by 
hydroalumination (requires reaction with acetylene) but is instead generated by addition 
of vinyl magnesium bromide to diisobutylaluminum chloride, liberating an equivalent of 
ClMgBr.  Reaction of the vinyl aluminum reagent, prepared in this manner, with allylic 
phosphate 5.98 is sluggish, just as in the reaction of the model nucleophile.  Within 29 h 
at 4 °C, a mixture of divinyl 5.97 and the product arising from i-Bu addition is obtained 
in only 24% yield (Scheme 5.26).   
 
Given the difficulties of accessing sufficient quantities of 5.98 for our study and 
the limited success met in the few allylic substitution reactions examined, we decided to 
invest time in preparing an alternative electrophile that might participate in a more 
efficient substitution reaction.  We anticipated that rac-5.11 could be prepared from 
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oxidative rearrangement of tetracycle 5.106 (Scheme 5.27); this type of rearrangement is 
precedented in semi-synthesis of rhazinilam from 1,2-dehydroaspidospermidine.9,18  The 
tetracycle might be derived from tryptamine derivative 5.107, which would arise from an 
allylic vinylation of phosphate 5.108, which posses nearly all the carbons for the target 
alkaloid.  The ester fragment of 5.108 could come from a Suzuki cross-coupling of 
boronate 5.109, which would be prepared chemo- and site-selectively by a Cu-catalyzed 
hydroboration of 5.110;46 the vinyl indole would arise from a Stille coupling.40 
Scheme 5.27 Revised NHC-Cu-catalyzed allylic vinylation strategy
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 Stannane 5.101 can be transformed to vinyl indole 5.110 with catalytic Pd(PPh3)4 
in the presence of a large excess of vinyl bromide (62% yield, Scheme 5.28).  In many 
hydroboration reactions, differentiation of the two olefins within indole 5.110 would be 
problematic; however, NHC-Cu-catalyzed hydroboration of the conjugated olefin within 
5.110, which bears the lower lying LUMO, with bis(pinacolato)diboron delivers boronate 
5.109 as the sole product of the reaction in 77% yield.  The β-isomer of product is 
obtained due to electronic stabilization of the C-Cu bond at the benzylic position; 
protonation of this C-Cu bond with MeOH leads to turnover of the catalyst. 
                                                            
(46) Lee, Y.; Jang, H.; Hoveyda, A. H. J. Am. Chem. Soc. 2009, 131, 18234-18235. 
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 In connection with our group’s Cu-catalyzed hydroboration studies, we had 
previously studied the cross-coupling of terminal alkyl pinacolboronates.46  Diboronate 
5.111 undergoes efficient coupling with vinyl bromide 5.112 to deliver hydroxyketone 
5.113 after oxidative workup (Scheme 5.29). 
Scheme 5.29 Suzuki cross-coupling of an alkyl pinacolboronate
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OH
96.5:3.5 er
72% yield (2 steps)
96.5:3.5 er  
Unfortunately, all attempts to cross-couple pinacolboronate 5.109 with vinyl 
bromide 5.100 have not resulted in any detectable amount of ester 5.114 (Table 5.2).47  
Standard conditions for the Suzuki reaction, including those shown in Scheme 5.29, 
result in consumption of halide 5.100 but not boronate 5.109 (entries 1-3 and 5).  Pre-
activation of the boronate with s-BuLi48 (entry 4) is similarly ineffective as is the use of 
                                                            
(47) Chemler, S. R.; Trauner, D.; Danishefsky, S. J. Angew. Chem., Int. Ed. 2001, 40, 4544-4568. 
(48) (a) Zou, G.; Falck, J. R. Tetrahedron Lett. 2001, 42, 5817-5819. (b) Werle, S.; Fey, T.; Neudörfl, J. 
M.; Schmalz, H-G. Org. Lett. 2007, 9, 3555-3558. 
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more electron-donating phosphine ligands (entries 6-7).  It is likely that the success of the 
cross-coupling in Scheme 5.29 is due to the presence of the neighboring boronate.49 
 
5.9 Conclusions 
 At this point, we have been unable to study the key ring-closing metathesis 
transformation in our planned rhazinilam synthesis due to difficulties in preparing the 
substrate (rac-5.11), which contains a divinyl-substituted all-carbon quaternary center.  
Our current strategy for forming this challenging molecular construct involves an NHC-
Cu-catalyzed allylic substitution of phosphate 5.108 with a vinyl aluminum nucleophile.  
After this crucial transformation, the olefin metathesis substrate should be available in a 
few literature precedented reactions. 
 Perhaps conversion of the boronic ester in 5.109 to the corresponding boronic 
acid or the more reactive potassium trifluoroborate50 will enable a more efficient Suzuki 
                                                            
(49) For a related Suzuki coupling reaction, see: Ohmura, T.; Furukawa, H.; Suginome, M. J. Am. Chem. 
Soc. 2006, 128, 13366-13367. 
(50) (a) Molander, G. A.; Yun, C-S.; Ribagorda, M.; Biolatto, B. J. Org. Chem. 2003, 68, 5534-5539. (b) 
Molander, G. A.; Ham, J.; Seapy, D. G. Tetrahedron 2007, 63, 768-775. 
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reaction.  In fact, attempts to convert the boronic ester to the trifluoroborate salt have 
been made but have so far met with limited success.  Alternatively, a different route to 
alcohol 5.114 might be warranted.  Related substrates for allylic vinylation, that could 
lead to rac-5.11, could also be explored. 
5.10 Experimentals 
General: All reactions were carried out in oven- (135 °C) or flame-dried glassware under 
an inert atmosphere of dry N2 unless otherwise stated.  Infrared (IR) spectra were 
recorded on a Bruker FTIR Alpha (ATR Mode) spectrometer, υmax in cm-1.  Bands are 
characterized as strong (s), medium (m), or weak (w).  1H NMR spectra were recorded on 
a Varian Unity INOVA 400 (400 MHz) spectrometer.  Chemical shifts are reported in 
ppm from tetramethylsilane with the solvent resonance resulting from incomplete 
deuteration as the internal reference (CDCl3: δ 7.26).  Data are reported as follows: 
chemical shift, integration, multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, br 
= broad, m = multiplet), and coupling constants (Hz).  13C NMR spectra were recorded 
on a Varian Unity INOVA 400 (100 MHz) spectrometer with complete proton 
decoupling.  Chemical shifts are reported in ppm from tetramethylsilane with the solvent 
resonance resulting from incomplete deuteration as the internal reference (CDCl3: δ 
77.16).  High-resolution mass spectrometry was performed on a Micromass LCT ESI-MS 
(positive mode) at the Boston College Mass Spectrometry Facility.  Melting points were 
measured on a Thomas Hoover capillary melting point apparatus and are uncorrected.  X-
ray crystallography was performed at the Boston College X-ray Crystallographic 
Laboratory.  Numbers of compounds are listed as they appear in the main body of the 
chapter or the appendices; all other compounds are listed alphabetically. 
 
Solvents: Solvents were purged with argon and purified under a positive pressure of dry 
argon by a modified Innovative Technologies purification system: dichloromethane 
(Fisher) was passed through activated alumina columns; benzene (Aldrich), hexanes 
(Fisher), and toluene (Fisher) were passed successively through activated Cu and alumina 
columns.  Tetrahydrofuran (Aldrich) was distilled from sodium benzophenone ketyl.  
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Methanol (Fisher) was distilled from Mg(OMe)2.  DMSO (Aldrich Sure Seal) was 
distilled from CaH2.  EtOH (Fisher), EtOAc (Fisher), and 1,2-dichloroethane (Aldrich) 
were used as received. 
Metal-based Complexes: Ag-dimer 5.94 was prepared according to published 
procedures.51  The NHC-CuCl complex shown in Scheme 5.28 was prepared according to 
published procedures.52 
 
Reagents: 
4 Å Molecular sieves (powder) were purchased from Aldrich and oven-dried (135 °C) 
prior to use. 
Allyl alcohol was purchased from Aldrich and distilled from CaSO4 prior to use. 
Allylamine was purchased from Acros and distilled from CaH2 prior to use. 
Amberlyst® 15-ion exchange resin was purchased from Aldrich and used as received. 
Bis(pinacolato)diboron was purchased from Aldrich and was recrystallized from boiling 
pentane, allowed to cool to 22 °C, and filtered; the solids were dried under vacuum at 60 
°C. 
Bromine was purchased from Acros and used as received. 
tert-Butyldimethylsilyl chloride was purchased from Oakwood and used as received. 
n-Butyl vinyl ether was purchased from Acros and distilled from CaH2 prior to use. 
γ-Butyrolactone was purchased from Aldrich and distilled from CaSO4 prior to use. 
(Carbethoxymethylene)triphenylphosphorane was purchased from Aldrich and used 
as received. 
Celite® was purchased from Fisher and oven-dried (135 °C) prior to use. 
Cerium(III) chloride (anhydrous) was purchased from Aldrich and used as received. 
2-Chloropropane was purchased from Aldrich and distilled from CaH2 prior to use. 
 
                                                            
(51) Brown, M. K.; May, T. L.; Baxter, C. A.; Hoveyda, A. H. Angew. Chem., Int. Ed. 2007, 46, 1097-
1100. 
(52) Díez-González, S.; Kaur, H.; Zinn, F. K.; Stevens, E. D.; Nolan, S. P. J. Org. Chem. 2005, 70, 4784-
4796. 
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Cupric chloride dihydrate was purchased from Aldrich and used as received. 
Cuprous chloride was precipitated from concentrated hydrochloric acid by the addition 
of deionized H2O; the solid was filtered, washed with H2O, EtOH, Et2O, and dried in the 
dark in a P2O5 vacuum dessicator. 
1,2-Dibromoethane was purchased from Aldrich and distilled from CaCl2 prior to use. 
Diethylchlorophosphate was purchased from Aldrich and used as received. 
Diisobutylaluminum chloride was purchased from Aldrich and used as received. 
Diisobutylaluminum hydride was purchased from Aldrich and used as received. 
4-(N,N-Dimethylamino)pyridine was purchased from Advanced Chemtech and used as 
received. 
Dimethylsulfide was purchased from Aldrich and used as received. 
4,7-Diphenyl-1,10-phenanthroline was purchased from Acros and used as received. 
Di-tert-butyldicarbonate was purchased from Advanced Chemtech and used as 
received. 
Imidazole was purchased from Lancaster and used as received. 
Lithium chloride was purchased from Aldrich and flame-dried under vacuum prior to 
use. 
Magnesium turnings were purchased from Strem and used as received. 
1-Octyne was purchased from Aldrich and distilled from CaH2 prior to use. 
Oxalyl chloride was purchased from Aldrich and distilled prior to use. 
Palladium(II) trifluoroacetate was purchased from Strem and used as received. 
Potassium hydroxide was purchased from Alfa Aesar and used as received. 
Pyridinium chlorochromate was purchased from Acros and used as received. 
Pyridinium p-toluenesulfonate was purchased from Aldrich and was recrystallized from 
boiling acetone, cooled to 0 °C, and filtered; the solids were dried under vacuum. 
Sodium acetate was purchased from Aldrich and used as received. 
Sodium bicarbonate was purchased from Fisher and used as received. 
Sodium borohydride was purchased from Aldrich and used as received. 
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Sodium tert-butoxide was purchased from Strem and sublimed prior to use. 
Tetrakis(triphenylphosphine) palladium (0) was purchased from Strem and used as 
received. 
Tin(II) chloride was purchased from Aldrich and used as received. 
Triethylamine was purchased from Aldrich and distilled from CaH2 prior to use. 
Triphenylarsine was recrystallized from boiling EtOH, cooled to 0 °C, filtered, and 
wash with 0 °C EtOH; the solids were dried by heating under vacuum (solid melts at 60 
°C). 
Tris(dibenzylideneacetone) dipalladium (0) was purchased from Strem and used as 
received. 
Vinyl bromide was purchased from Aldrich and distilled prior to use. 
Vinyl magnesium bromide (solution in THF) was purchased from Aldrich and titrated 
with s-BuOH (1,10-phenanthroline as indicator) prior to use. 
 
Procedures: 
 
4-vinylhex-5-ene-1,4-diol (5.84): In an N2-filled dry box, a 250-mL round-bottom flask 
containing a magnetic stir bar was charged with anhydrous Cerium(III) chloride (3.85 g, 
15.6 mmol); the flask was sealed and brought to a fume hood.  THF (30 mL) was added 
to the flask and the suspension was allowed to cool to 0 °C (ice bath).  A solution of vinyl 
magnesium bromide (34.2 mL, 0.785 M in THF, 26.9 mmol) was added by syringe; the 
mixture became orange.  Immediately after addition of the Grignard reagent, γ-
butyrolactone (1.00 mL, 13.0 mmol) was added dropwise by syringe over 1 min; the 
solution became colorless.  The mixture was allowed to warm to 22 °C and stir for 2 h at 
which time the mixture was cooled to 0 °C (ice bath) and the reaction quenched by the 
addition of saturated aqueous NH4Cl (80 mL).  The mixture was transferred to a 
separatory funnel, diluted with H2O (50 mL), and washed with EtOAc (3 x 100 mL).  The 
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combined organic layers were washed with saturated aqueous NaCl (175 mL), dried over 
MgSO4, filtered, and concentrated.  The resulting light yellow oil was purified by silica 
gel chromatography (4:1 to 1:1 CH2Cl2:EtOAc) to afford 5.84 (1.13 g, 7.95 mmol, 61.2% 
yield) as a light yellow oil.  1H NMR (400 MHz, CDCl3): δ 5.93 (2H, dd, J = 17.2, 10.8 
Hz), 5.28 (2H, dd, J = 17.2, 1.2 Hz), 5.14 (2H, dd, J = 10.8, 1.2 Hz), 3.67 (2H, t, J = 6.0 
Hz), 2.24 (1H, br s), 1.87 (1H, br s), 1.76-1.61 (4H, m). 
 
 
5,5-divinyldihydrofuran-2(3H)-one (5.72): A 25 x 150 mm test tube containing a 
magnetic stir bar was charged with NaOAc (1.26 g, 15.3 mmol), 4 Å molecular sieves 
(610 mg), diol 5.84 (726 mg, 5.11 mmol), and CH2Cl2 (20 mL).  Pyridinium 
chlorochromate (3.30 g, 15.3 mmol) and Celite® (1.00 g) were added at the same time 
(CAUTION: Exothermic!) and the mixture was allowed to stir.  After 19 h, the brown 
mixture was poured into Et2O (150 mL).  The mixture was filtered through a pad of 
Celite® and eluted with Et2O.  The supernatant was concentrated.  The resulting brown oil 
was purified by silica gel chromatography (4:4:1 hexanes:CH2Cl2:Et2O) to deliver 
divinyl-lactone 5.72 (287 mg, 2.08 mmol, 40.7% yield) as a colorless oil.  1H NMR (400 
MHz, CDCl3): δ 5.93 (2H, dd, J = 17.2, 10.8 Hz), 5.35 (2H, dd, J = 17.2, 0.4 Hz), 5.24 
(2H, d, J = 10.8 Hz), 2.54 (2H, t, J = 8.0 Hz), 2.24 (2H, t, J = 8.0 Hz). 
 
 
6-(tert-butyldimethylsilyloxy)-3-vinylhex-1-en-3-ol (5.76a): A 50-mL round-bottom 
flask containing a magnetic stir bar was charged with tert-butyldimethylsilyl chloride 
(440. mg, 2.91 mmol), imidazole (300. mg, 4.37 mmol), and CH2Cl2 (10 mL); the milky-
Chapter 5 
Page 534 
white suspension was allowed to stir.  A solution of diol 5.84 (414 mg, 2.91 mmol) in 
CH2Cl2 (3 mL) was added to the reaction vessel by cannula; the flask containing the diol 
was rinsed with CH2Cl2 (2 mL), which was similarly transferred.  The mixture was 
allowed to stir.  After 2 h, the mixture was diluted with H2O (15 mL) and the layers were 
separated; the aqueous layer was washed with CH2Cl2 (2 x 15 mL).  The combined 
organic layers were dried over MgSO4, filtered, and concentrated to afford alcohol 5.76a 
(707 mg, 2.76 mmol, 94.8% yield) as a light yellow oil, which was used without 
purification.  1H NMR (400 MHz, CDCl3): δ 5.91 (2H, ddd, J = 17.2, 10.8, 0.8 Hz), 5.28 
(2H, d, J = 17.6 Hz), 5.12 (2H, d, J = 10.4 Hz), 3.64 (2H, dt, J = 6.0, 0.4 Hz), 2.97 (1H, 
s), 1.74-1.68 (2H, m), 1.65-1.57 (2H, m), 0.90 (9H, s), 0.07 (6H, s). 
 
 
(E)-3-(2-nitrophenyl)prop-2-en-1-ol (5.86):53 Under an atmosphere of air, a 25-mL 
round-bottom flask containing a magnetic stir bar was charged with sodium borohydride 
(106 mg, 2.80 mmol).  The reaction vessel was allowed to cool to 0 °C (ice bath) and 
EtOH (2 mL) and H2O (2 mL) were added; the mixture was allowed to stir.  trans-2-
Nitrocinnamaldehyde (1.00 g, 5.64 mmol) was added as a solid through a plastic funnel, 
which was rinsed with 1:1 EtOH:H2O (4 mL).  The mixture was allowed to warm to 22 
°C.  After 45 min, the reaction mixture was saturated with NaCl and then washed with 
Et2O (3 x 30 mL).  The combined organic layers were dried over MgSO4, filtered, and 
concentrated.  The resulting orange oil was purified by silica gel chromatography (1:1 
hexanes:EtOAc) to furnish cinnamyl alcohol 5.86 (974 mg, 5.44 mmol, 96.5% yield) as a 
viscous orange-yellow soild, which was solidified at -78 °C.  The physical and spectral 
data were identical to those previously reported.53 
 
                                                            
(53) Adapted from a known procedure; see: Johnson, M. R.; Rickborn, B. J. Org. Chem. 1970, 35, 1041-
1045. 
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(E)-1-nitro-2-(3-(vinyloxy)prop-1-enyl)benzene (5.74): Under an atmosphere of air, a 
75-mL sealed tube reaction vessel containing a magnetic stir bar was charged with 
cinnamyl alcohol 5.86 (3.09 g, 17.2 mmol), palladium(II) trifluoroacetate (28.7 mg, 86.0 
μmol), 4,7-diphenyl-1,10-phenanthroline (28.7 mg, 86.0 μmol), triethylamine (1.80 mL, 
12.9 mmol), and n-butyl vinyl ether (39.0 mL, 300. mmol).  The reaction vessel was 
sealed with a teflon-coated screw cap and immersed in a 75 °C oil bath.  After 19 h, the 
mixture was allowed to cool to 22 °C and was passed through a plug of charcoal on top 
of Celite®, eluting with Et2O; the mixture was then concentrated.  The resulting orange-
yellow oil was purified by silica gel chromatography (15:1 hexanes:Et2O with 1% v/v 
triethylamine) to afford vinyl ether 5.74 (2.55 g, 12.4 mmol, 72.1% yield) as a yellow oil.  
1H NMR (400 MHz, CDCl3): δ 7.95 (1H, dd, J = 8.0, 1.2 Hz), 7.65-7.55 (2H, m), 7.42 
(1H, ddd, J = 8.4, 7.2, 1.6 Hz), 7.15 (1H, d, J = 16.0 Hz), 6.52 (1H, dd, J = 14.4, 6.8 Hz), 
6.29 (1H, dt, J = 15.6, 5.6 Hz), 4.45 (2H, dd, J = 5.6, 1.6 Hz), 4.29 (1H, dd, J = 14.4, 2.4 
Hz), 4.10 (1H, dd, J = 6.8, 2.4 Hz). 
 
 
3-(2-nitrophenyl)pent-4-enal (5.73): Immediately prior to subjection to the Claisen 
rearrangement conditions, vinyl ether 5.74 was passed through a plug of basic alumina to 
remove any trace acid impurities.  A 10-mL round-bottom flask containing a magnetic 
stir bar was charged with vinyl ether 5.74 (570. mg, 2.78 mmol) and toluene (1 mL).  The 
mixture was heated to 150 °C and allowed to stir.  After 6 h, the mixture was allowed to 
cool and was concentrated.  The resulting yellow oil was purified by silica gel 
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chromatography (3:1 to 1:1 hexanes:Et2O) to deliver aldehyde 5.73 (319 mg, 1.55 mmol, 
55.8% yield) as a yellow oil.  1H NMR (400 MHz, CDCl3): δ 9.72 (1H, t, J = 2.0 Hz), 
7.83 (1H, dd, J = 8.8, 1.2 Hz), 7.57 (1H, app ddd, J = 7.6, 6.4, 1.2 Hz), 7.42-7.36 (2H, 
m), 5.99 (1H, ddd, J = 16.4, 10.4, 6.0 Hz), 5.21 (1H, ddd, J = 10.4, 0.8, 0.8 Hz), 5.13 
(1H, ddd, J = 17.2, 0.8, 0.8 Hz), 4.61 (1H, ddd, J = 7.2, 7.2, 7.2 Hz), 2.92 (2H, dd, J = 
7.2, 2.0 Hz). 
 
 
1-allyl-3-(2-nitrophenyl)-1H-pyrrole (5.87): Under an atmosphere of air, a 100-mL 
round-bottom flask containing a magnetic stir bar was charged with aldehyde 5.73 (2.47 
g, 12.0 mmol), CH2Cl2 (36 mL), and unpurified MeOH (12 mL); the mixture was allowed 
to cool to -78 °C (dry ice/acetone bath) and stir.  O3 was bubbled through the mixture 
until a blue color persisted.  Then O2 was bubbled through the mixture until the blue 
color faded and then N2 was bubbled through for 5 min.  Me2S (4.40 mL, 60.2 mmol) 
was added and the mixture allowed to warm to 22 °C.  After 2 h, the mixture was 
concentrated to a yellow oil, which was dissolved in 1,2-dichloroethane (50 mL).  
Allylamine (3.00 mL, 40.1 mmol) and pyridinium p-toluenesulfonate (30.2 mg, 0.121 
mmol) were added.  The flask was fitted with a reflux condenser and the mixture was 
allowed to stir at reflux for 23 h.  Then, the mixture was allowed to cool to 22 °C and was 
poured into a saturated aqueous solution of NH4Cl (60 mL).  The mixture was washed 
with CH2Cl2 (3 x 50 mL) and the combined organic layers dried over MgSO4, filtered, 
and concentrated.  The resulting red oil was purified by silica gel chromatography (7:1 
hexanes:EtOAc) to furnish pyrrole 5.87 (1.94 g, 8.50 mmol, 70.8% yield).  1H NMR (400 
MHz, CDCl3): δ 7.58 (1H, ddd, J = 8.0, 1.2, 0.4 Hz), 7.52-7.45 (2H, m), 7.30-7.27 (1H, 
m), 6.83 (1H, dd, J = 2.0, 2.0 Hz), 6.67 (1H, dd, J = 2.8, 2.4 Hz), 6.26 (1H, dd, J = 2.8, 
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1.6 Hz), 5.99 (1H, dddd, J = 17.2, 10.4, 6.0, 6.0 Hz), 5.24 (1H, dddd, J = 10.4, 1.6, 1.6, 
1.6 Hz), 5.18 (1H, dddd, J = 16.8, 1.6, 1.6, 1.6 Hz), 4.49 (2H, ddd, J = 5.6, 1.2, 1.2 Hz). 
 
 
2-(1-allyl-1H-pyrrol-3-yl)aniline (5.71): Under an atmosphere of air, a 50-mL round-
bottom flask containing a magnetic stir bar was charged with pyrrole 5.87 (221 mg, 0.968 
mmol), THF (10 mL), and H2O (10 mL).  SnCl2 (1.10 g, 5.81 mmol) was added and the 
mixture allowed to stir.  After 1 h, the mixture had become orange and some precipitates 
had formed.  After 12 h, the mixture was diluted with saturated aqueous NaHCO3 (30 
mL) and was washed with Et2O (3 x 50 mL).  The combined organic layers were washed 
with saturated aqueous NaCl (100 mL), dried over MgSO4, filtered, and concentrated.  
The resulting yellow-brown oil was purified by silica gel chromatography (3:1 
hexanes:EtOAc) to afford aniline 5.71 (165 mg, 0.832 mmol, 86.0% yield) as a yellow 
oil.  1H NMR (400 MHz, CDCl3): δ 7.23 (1H, dd, J = 7.6, 1.6 Hz), 7.05 (1H, dt, J = 7.6, 
1.6 Hz), 6.86 (1H, dd, J = 2.0, 2.0 Hz), 6.80-6.73 (2H, m), 6.72 (1H, dd, J = 2.4, 2.4 Hz), 
6.37 (1H, dd, J = 2.8, 2.0 Hz), 6.02 (1H, dddd, J = 16.8, 10.0, 6.0, 6.0 Hz), 5.24 (1H, 
dddd, J = 10.4, 1.6, 1.6, 1.6 Hz), 5.20 (1H, dddd, J = 16.8, 1.6, 1.6, 1.6 Hz), 4.52 (2H, 
ddd, J = 6.0, 1.6, 1.6 Hz), 3.96 (2H, br s). 
 
Preparation of i-PrMgCl: A 25-mL round-bottom flask containing a magnetic stir bar 
was charged with magnesium turnings (523 mg, 22.4 mmol) and was flame-dried.  Once 
cool, THF (4 mL) was added and the flask fitted with a reflux condenser; the suspension 
was allowed to stir and reflux.  A mixture of 2-chloropropane (1.03 mL, 11.2 mmol) and 
1,2-dibromoethane (48 μL, 0.56 mmol) was added dropwise by syringe through the 
condenser over 10 min.  Once the addition was complete and the reaction had initiated, 
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THF (7.20 mL) was added and the mixture was allowed to stir at 22 °C for 3 h.  Titration 
with s-BuOH (1,10-phenanthroline as indicator) gave a concentration of 0.752 M for the 
solution. 
 
 
N-(2-(1-allyl-1H-pyrrol-3-yl)phenyl)-4-hydroxy-4-vinylhex-5-enamide (5.70): A 10-
mL round-bottom flask containing a magnetic stir bar was charged with aniline 5.71 (165 
mg, 0.832 mmol) and THF (1 mL); the mixture was allowed to cool to 0 °C (ice bath) 
and stir.  A solution of i-PrMgCl (1.22 mL, 0.752 M in THF, 0.915 mmol), prepared as 
described above, was added dropwise by syringe; the solution went immediately from 
orange to yellow and precipitates formed after 5 min.  After 10 min total, a solution of 
divinyl-lactone 5.72 (122 mg, 0.883 mmol) in THF (0.5 mL) was added by cannula; the 
flask containing the lactone was rinsed with THF (0.5 mL), which was similarly 
transferred.  The mixture was allowed to warm to 22 °C and stir for 20 h.  At that time, 
the reaction was quenched by the addition of pH = 7 buffer (5 mL, formed from KH2PO4 
and NaOH) and was then poured into H2O (20 mL).  The mixture was washed with 
CH2Cl2 (3 x 20 mL) and the combined organic layers were dried over MgSO4, filtered, 
and concentrated.  The resulting yellow-brown oil was purified by silica gel 
chromatography (2:1 hexanes:EtOAc) to deliver amide 5.70 (134 mg, 0.398 mmol, 
47.8% yield) as a yellow-orange oil.  IR (neat): 3388 (m), 3087 (w), 3011 (w), 2983 (w), 
2916 (w), 1669 (s), 1607 (w), 1581 (m), 1517 (s), 1447 (s), 1420 (m), 1353 (m), 1295 
(m), 1245 (m), 1191 (m), 1114 (w), 1081 (w), 994 (m), 923 (s), 791 (w), 757 (s), 703 (w) 
cm-1; 1H NMR (400 MHz, CDCl3): δ 8.27 (1H, d, J = 8.0 Hz), 7.82 (1H, br s), 7.31-7.21 
(1H, m), 7.08 (1H, dd, J = 7.2, 7.2 Hz), 6.75 (2H, br s), 6.27 (1H, br s), 6.03 (1H, dddd, J 
Chapter 5 
Page 539 
= 16.4, 11.2, 5.6, 5.6 Hz), 5.89 (2H, dd, J = 17.2, 10.4 Hz), 5.33 (2H, d, J = 17.2 Hz), 
5.26 (1H, d, J = 10.4 Hz), 5.21 (1H, d, J = 17.2 Hz), 4.54 (2H, d, J = 4.8 Hz), 3.03 (1H, 
br s), 2.40 (2H, t, J = 6.4 Hz), 2.00 (2H, d, J = 6.8 Hz), 1.56 (1H, br s); 13C NMR (100 
MHz, CDCl3): δ 171.9, 142.8, 135.0, 134.0, 129.8, 127.3, 126.6, 124.2, 122.2, 120.9, 
119.7, 118.3, 113.4, 108.9, 75.4, 52.5, 35.0, 32.2; HRMS (ESI+) [M+H]+ calcd for 
C21H25N2O2: 337.1916, found: 337.1919. 
 
 
methyl 1-allyl-4-(2-nitrophenyl)-1H-pyrrole-2-carboxylate (5.88):54 A 10-mL round-
bottom flask containing a magnetic stir bar was charged with pyrrole 5.87 (22 mg, 0.096 
mmol) and CH2Cl2 (1 mL); the solution was allowed to cool to -30 °C (dry ice/acetone 
bath) and stir.  Oxalyl chloride (9.5 μL, 0.11 mmol) was added by syringe.  The mixture 
was allowed to warm to 4 °C (cold room) and stir for 19 h.  The mixture was allowed to 
warm to 22 °C and MeOH (2 mL) was added.  The reaction vessel was fitted with a 
reflux condenser and the mixture was allowed to reflux for 1 h.  At that time, the mixture 
was allowed to cool to 22 °C and was poured into H2O (20 mL).  The mixture was 
washed with EtOAc (3 x 10 mL) and the combined organic layers were dried over 
MgSO4, filtered, and concentrated.  Analysis of the resulting orange oil by 400 MHz 1H 
NMR spectroscopy indicated a 2:1 mixture of regioisomers formed in the reaction.  
Purification by silica gel chromatography (3:1 hexanes:EtOAc) allowed for a partial 
separation of the isomers.  A 5:1 ratio of isomers (presumed to be 5.88:5.89) was isolated 
as a yellow oil (12 mg, 0.042 mmol, 44% yield) and a 1:1 ratio of isomers was isolated 
                                                            
(54) A mixture of two compounds, 5.88 and 5.89 (presumed), is obtained from this reaction, in which 5.88 
is presumed to be the major product, although that has not been rigorously proven. 
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also as a yellow oil (15 mg, 0.052 mmol, 55% yield).  1H NMR (400 MHz, CDCl3; 1:1 
ratio of isomers): δ 8.01 (1H, dd, J = 8.0, 1.2 Hz), 7.75 (1H, dd, J = 8.0, 1.2 Hz), 7.61-
7.48 (4H, m), 7.45 (1H, d, J = 2.0 Hz), 7.44-7.35 (2H, m), 7.20 (1H, d, J = 1.6 Hz), 7.06 
(1H, d, J = 2.4 Hz), 6.24 (1H, d, J = 2.8 Hz), 6.05 (1H, dddd, J = 17.2, 10.4, 5.6, 5.6 Hz), 
6.01 (1H, dddd, J = 16.8, 10.0, 5.2, 5.2 Hz), 5.24 (1H, dddd, J = 10.0, 1.2, 1.2, 1.2 Hz), 
5.23 (1H, dddd, J = 10.0, 1.2, 1.2, 1.2 Hz), 5.11 (2H, dddd, J = 16.8, 1.6, 1.6, 1.6 Hz), 
5.02 (4H, ddd, J = 5.6, 1.6, 1.6 Hz), 3.93 (3H, s), 3.20 (3H, s). 
 
 
tert-butyl allyl(2-(2-(tributylstannyl)-1-((2-(trimethylsilyl)ethoxy)methyl)-1H-indol-
3-yl)ethyl)carbamate (5.101): Under an atmosphere of air, a 50-mL round-bottom flask 
containing a magnetic stir bar was charged with allylic amine 5.99 (2.05 g, 3.30 mmol), 
EtOAc (14 mL), saturated aqueous NaHCO3 (7 mL), and di-tert-butyldicarbonate (794 
mg, 3.64 mmol).  The mixture was allowed to stir for 1.5 h.  The mixture was then 
poured into H2O (15 mL) and washed with EtOAc (3 x 45 mL).  The combined organic 
layers were dried over Na2SO4, filtered, and concentrated to afford N-allylcarbamate 
5.101 (2.37 g, 3.29 mmol, 99.7% yield) as a light yellow oil, which was used without 
purification.  The compound was characterized as an inseparable mixture of rotamers.  1H 
NMR (400 MHz, CDCl3): δ 7.68 (1H, br s), 7.39 (1H, d, J = 8.4 Hz), 7.17 (1H, dd, J = 
7.2, 7.2 Hz), 7.09 (1H, dd, J = 7.2, 7.2 Hz), 5.77 (1H, br s), 5.41 (2H, s), 5.09 (2H, br s), 
3.90 (1H, br s), 3.72 (1H, br s), 3.44 (2H, t, J = 8.0 Hz), 3.38 (2H, t, J = 8.0 Hz), 2.99 
(2H, t, J = 7.6 Hz), 1.62-1.15 (18H, m), 1.53 (9H, s), 0.91-0.84 (2H, m), 0.89 (9H, t, J = 
7.6 Hz), -0.07 (9H, s). 
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allyloxy(tert-butyl)dimethylsilane (5.102): A 100-mL round-bottom flask containing a 
magnetic stir bar was charged with tert-butyldimethylsilyl chloride (6.65 g, 44.1 mmol), 
imidazole (3.60 g, 52.9 mmol), and CH2Cl2 (44 mL); the milky-white suspension was 
allowed to stir.  Allyl alcohol (3.00 mL, 44.1 mmol) was added to the reaction vessel 
dropwise by syringe (slightly exothermic) and the mixture was allowed to stir.  After 3 h, 
the mixture was diluted with H2O (75 mL), the mixture allowed to stir for 5 min, and then 
the layers separated; the aqueous layer was washed with CH2Cl2 (2 x 50 mL).  The 
combined organic layers were dried over MgSO4, filtered, and concentrated to a colorless 
oil with a few solids present.  This mixture was filtered through a cotton plug to furnish 
allyl ether 5.102 (6.59 g, 38.2 mmol, 86.6% yield), which was used without further 
purification.  The physical and spectral data were identical to those previously reported.55 
 
 
(carbethoxybromomethylene)triphenylphosphorane (A): A 500-mL round-bottom 
flask containing a magnetic stir bar was charged with (carbethoxymethylene)-
triphenylphosphorane (15.0 g, 43.2 mmol) and CH2Cl2 (120 mL); the mixture was 
allowed to cool to -78 °C (dry ice/acetone bath) and stir.  A separate flask was charged 
with bromine (2.19 mL, 43.2 mmol) and CH2Cl2 (25 mL).  The bromine solution was 
added to the 500-mL reaction vessel dropwise by cannula; the flask containing the 
bromine was rinsed with CH2Cl2 (5 mL), which was similarly transferred.  The solution 
became yellow and was allowed to warm to 22 °C.  After 3.5 h, the mixture was 
concentrated to one-third of its volume and a 2 M aqueous KOH solution (30.0 mL, 60.0 
mmol) was added in one portion under an atmosphere of air.  The mixture was allowed to 
                                                            
(55) Nielsen, L.; Skrydstrup, T. J. Am. Chem. Soc. 2008, 130, 13145-13151. 
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stir for 30 min, at which time the layers were separated.  The aqueous layer was washed 
with CH2Cl2 (2 x 50 mL) and the combined organic layers were dried over MgSO4, 
filtered, and concentrated.  The resulting light yellow foam was partially dissolve in 1:1 
acetone:hexanes (200 mL) and allowed to crystallize at -20 °C (freezer) for 12 h.  The 
solids were then filtered and washed with hexanes.  After drying in air, ylide A (15.8 g, 
37.0 mmol, 85.6% yield) was obtained as a light yellow powder.42 
 
 
(Z)-ethyl 2-bromo-4-(tert-butyldimethylsilyloxy)but-2-enoate (5.103): A 250-mL 
round-bottom flask containing a magnetic stir bar was charged with allyl ether 5.102 
(6.59 g, 38.2 mmol), CH2Cl2 (75 mL), and unpurified MeOH (25 mL); the mixture was 
allowed to cool to -78 °C (dry ice/acetone bath) and stir.  O3 was bubbled through the 
mixture until a blue color persisted.  Then O2 was bubbled through the mixture until the 
blue color faded and then N2 was bubbled through for 5 min.  Me2S (14.0 mL, 191 mmol) 
was added and the mixture allowed to warm to 22 °C.  After 11 h, the mixture was 
concentrated to a colorless oil.  The oil was then dissolved in Et2O (50 mL) and washed 
with 1 M aqueous HCl (100 mL).  The layers were separated and the organic layer dried 
over MgSO4, filtered, and concentrated to a colorless oil.  A 250-mL round-bottom flask 
containing a magnetic stir bar was then charged with phosphorane A (16.3 g, 38.2 mmol) 
and C6H6 (70 mL).  A solution of the oil, obtained from the ozonolysis reaction, in C6H6 
(20 mL) was added by cannula; the flask containing the oil was rinsed with C6H6 (10 
mL), which was similarly transferred.  The reaction vessel was fitted with a reflux 
condenser.  The mixture was allowed to stir and was heated to reflux.  After 1 h, the 
mixture was allowed to cool to 22 °C and was concentrated to a brown solid.  Et2O (40 
mL) was added and the solids were filtered and washed with Et2O (60 mL) until the 
solids were very light yellow.  The supernatant was concentrated to a brown oil (8:1 Z:E 
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mixture) which contained some solids, and was purified by silica gel chromatography 
(dry-load method, 25:1 hexanes:Et2O) to furnish stereochemically pure Z-ester 5.103 
(5.94 g, 18.4 mmol, 48.2% yield).  The physical and spectral data were identical to those 
previously reported.56 
 
 
(Z)-ethyl 2-bromo-4-hydroxybut-2-enoate (5.100): Under an atmosphere of air, a 50-
mL round-bottom flask containing a magnetic stir bar was charged with the Amberlyst® 
resin (2.86 g) and EtOH (10 mL).  Silyl ether 5.103 (3.69 g, 11.4 mmol) was added as a 
solution in EtOH (2.5 mL) by pipet; the flask containing the silyl ether was rinsed with 
EtOH (3 x 2.5 mL), which was similarly transferred.  The mixture was allowed to stir 
vigorously.  After 13.5 h, the mixture was filtered through filter paper and washed with 
Et2O before concentration delivered a bronze oil.  The oil was purified by silica gel 
chromatography (1:1 hexanes:Et2O) to afford alcohol 5.100 (1.92 g, 9.19 mmol, 80.6% 
yield).  The physical and spectral data were identical to those previously reported.41 
 
 
(E)-ethyl 2-(3-(2-(allyl(tert-butoxycarbonyl)amino)ethyl)-1-((2-(trimethylsilyl)-
ethoxy)methyl)-1H-indol-2-yl)-4-hydroxybut-2-enoate (5.104): In an N2-filled dry 
box, a 10-mL round-bottom flask containing a magnetic stir bar was charged with 
Pd2(dba)3 (11.9 mg, 13.0 μmol), AsPh3 (16.0 mg, 52.3 μmol), CuCl (129 mg, 1.30 
mmol), and LiCl (66.8 mg, 1.56 mmol).  The flask was sealed and brought to a fume 
                                                            
(56) Hudlicky, T.; Fleming, A.; Radesca, L. J. Am. Chem. Soc. 1989, 111, 6691-6707. 
Chapter 5 
Page 544 
hood.  A vial was charged with alcohol 5.100 (109 mg, 0.522 mmol), stannane 5.101 
(188 mg, 0.261 mmol), and DMSO (1.5 mL); this mixture was heated to ca. 100 °C57 and 
transferred to the round-bottom flask by cannula; the vial containing the stannane was 
rinsed with DMSO (0.5 mL), which was similarly transferred.  The mixture was heated to 
60 °C for 25 h.  At that time, the mixture was allowed to cool to 22 °C and was poured 
into CH2Cl2 (30 mL); 10% aqueous NH4OH (25 mL) was added and the mixture allowed 
to stir for 30 min.  The layers were then separated and the aqueous layer washed with 
CH2Cl2 (2 x 40 mL).  The combined organic layers were washed with 1:1 10% aqueous 
NH4OH:saturated aqueous NaCl (50 mL) and then saturated aqueous NaCl (100 mL); 
they were then dried over MgSO4, filtered, and concentrated.  The resulting orange oil 
was purified by silica gel chromatography (dry-load method, 1:1 hexanes:Et2O) to afford 
a mixture of desired 5.104 with Sn byproducts (25.6 mg of the mixture, ca. 15.0% yield).  
The compound was characterized as an inseparable mixture of rotamers.  1H NMR (400 
MHz, CDCl3): δ 7.59 (1H, d, J = 8.0 Hz), 7.51 (1H, br s), 7.44 (1H, d, J = 8.4 Hz), 7.29-
7.22 (1H, m), 7.16 (1H, dd, J = 7.6, 7.6 Hz), 5.72 (1H, br s), 5.45-4.92 (4H, m), 4.30-4.10 
(2H, m), 4.10-3.90 (2H, m), 3.86-3.74 (2H, m), 3.58-3.29 (4H, m), 2.80 (2H, br s), 1.43 
(9H, s), 1.30-1.19 (3H, m), 0.94-0.79 (2H, m), -0.05 (9H, s). 
 
 
(E)-ethyl 2-(3-(2-(allyl(tert-butoxycarbonyl)amino)ethyl)-1-((2-(trimethylsilyl)-
ethoxy)methyl)-1H-indol-2-yl)-4-(diethoxyphosphoryloxy)but-2-enoate (5.98): A 5-
mL round-bottom flask containing a magnetic stir bar was charged with the mixture of 
5.104 and Sn impurity (23.6 mg), DMAP (1.0 mg, 8.4 μmol), CH2Cl2 (1 mL), and 
                                                            
(57) Stannane 5.101 is not very soluble in DMSO at 22 °C. 
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triethylamine (9.0 μL, 0.063 mmol).  Diethylchlorophosphate (9.0 μL, 0.063 mmol) was 
added and the mixture was allowed to stir for 11 h, at which time additional DMAP (1.0 
mg, 8.4 μmol), CH2Cl2 (0.5 mL), diethylchlorophosphate (9.0 μL, 0.063 mmol), and 
triethylamine (9.0 μL, 0.063 mmol) were added.  After an additional 5 h, the mixture was 
diluted with saturated aqueous NH4Cl (3 mL) and washed with CH2Cl2 (3 x 10 mL).  The 
combined organic layers were dried over MgSO4, filtered, and concentrated.  The 
resulting orange solid was purified by silica gel chromatography (dry-load method, 2:1 
Et2O:hexanes with 1% v/v triethylamine) to afford phosphate 5.98 (16.8 mg, 24.0 μmol, 
ca. 58.0% yield) as a yellow oil.  The compound was characterized as an inseparable 
mixture of rotamers.  1H NMR (400 MHz, CDCl3): δ 7.76-7.55 (1H, m), 7.44 (1H, d, J = 
8.0 Hz), 7.41 (1H, app dd, J = 6.4, 6.4 Hz), 7.30-7.22 (1H, m), 7.16 (1H, dd, J = 6.8 Hz), 
5.73 (1H, br s), 5.33 (1H, d, JAB = 11.2 Hz), 5.20 (1H, d, JAB = 11.2 Hz), 5.08 (2H, br s), 
4.50 (2H, t, J = 6.4 Hz), 4.22 (2H, q, J = 6.4 Hz), 4.07 (4H, dq, J = 7.2, 7.2 Hz), 3.92-
3.52 (2H, m), 3.45-3.30 (3H, m), 3.30-3.15 (1H, m), 3.05-2.78 (1H, m), 2.77-2.63 (1H, 
m), 1.48 (9H, s), 1.43 (3H, app s), 1.27 (6H, app ddd, J = 16.8, 6.8, 6.8 Hz), 0.89-0.80 
(2H, m), -0.06 (9H, s). 
 
Preparation of diisobutyloctenylaluminum nucleophile for allylic substitution: A 10-
mL round-bottom flask containing a magnetic stir bar was charged with hexanes (1.8 mL) 
and diisobutylaluminum hydride (480. μL, 2.71 mmol, CAUTION: pyrophoric); the 
mixture was allowed to stir.  1-Octyne (400. μL, 2.71 mmol) was added in one portion 
and the reaction vessel was fitted with a reflux condenser.  The mixture was heated to 55 
°C for 2.5 h at which time it was allowed to cool to 22 °C and used in allylic substitution 
reactions. 
 
Preparation of diisobutylvinylaluminum nucleophile for allylic substitution: A 10-
mL round-bottom flask was charged with vinyl magnesium bromide (1.00 mL, 0.970 M 
in THF, 0.970 mmol) and was allowed to cool to -78 °C (dry ice/acetone bath).  
Diisobutylaluminum chloride (190. μL, 0.970 mmol, CAUTION: pyrophoric) was added 
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dropwise by syringe – the mixture solidified.  The mixture was then allowed to warm to 
22 °C by which time the mixture had thawed, although some precipitates still remained.  
The precipitates were allowed to settle and the solution of the nucleophile was then used 
in allylic substitution reactions. 
 
General procedure for allylic substitution with Al-based nucleophiles: In an N2-filled 
dry box, a 4-mL vial containing a magnetic stir bar was charged with Ag-dimer 5.94 (2.5 
mol %); the vial was sealed with a semi-permeable cap and brought to a fume hood.  A 
stock solution of CuCl2•2H2O (4.0 mg/mL, 5 mol %) was added to Ag-dimer 5.94, the 
mixture was allowed to stir for 5 min.  A solution of the Al-based nucleophile was added 
at low temperature (-78 °C for -15 °C reactions or 0 °C for 4 °C reactions).  After 5 min, 
a solution of allylic phosphate 5.98 in THF was added by cannula; the flask containing 
5.98 was rinsed with an equal volume of THF, which was similarly transferred.  The 
mixture was allowed to stir for the appropriate period of time and was quenched by the 
addition of a saturated aqueous solution of Rochelle’s salt; the mixture was allowed to 
warm to 22 °C and was washed with Et2O (3x).  The combined organic layers were dried 
over MgSO4, filtered, and concentrated.  Purification by silica gel chromatography (8:1 
hexanes:Et2O) delivered the desired product. 
 
 
(E)-ethyl 2-(3-(2-(allyl(tert-butoxycarbonyl)amino)ethyl)-1-((2-(trimethylsilyl)-
ethoxy)methyl)-1H-indol-2-yl)-2-vinyldec-3-enoate (5.105): The compound was 
characterized as an inseparable mixture of rotamers.  1H NMR (400 MHz, CDCl3): δ 7.67 
(1H, br s), 7.50 (1H, d, J = 7.6 Hz), 7.22 (1H, dd, J = 7.2, 7.2 Hz), 7.12 (1H, dd, J = 7.6, 
7.6 Hz), 6.64 (1H, dd, J = 17.2, 10.8 Hz), 6.23 (1H, d, J = 16.0 Hz), 5.74 (1H, br s), 5.35-
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5.15 (1H, m), 5.32 (1H, d, J = 10.8 Hz), 5.21 (1H, d, JAB = 10.8 Hz), 5.17 (1H, d, JAB = 
10.8 Hz), 5.14-4.92 (3H, m), 4.25-4.05 (2H, m), 3.83 (1H, br s), 3.68 (1H, br s), 3.51-
3.43 (2H, m), 3.35 (2H, br s), 3.11 (2H, br s), 2.14-2.05 (2H, m), 1.60-1.45 (9H, m), 1.38-
1.21 (8H, m), 1.18 (3H, t, J = 7.2 Hz), 0.94-0.89 (2H, m), 0.87 (3H, t, J = 6.8 Hz), -0.01 
(9H, s). 
 
 
ethyl 2-(3-(2-(allyl(tert-butoxycarbonyl)amino)ethyl)-1-((2-(trimethylsilyl)ethoxy)-
methyl)-1H-indol-2-yl)-2-vinylbut-3-enoate (5.97): The compound was characterized 
as an inseparable mixture of rotamers.  1H NMR (400 MHz, CDCl3)58: δ 7.68 (1H, br s), 
7.36 (1H, d, J = 8.4 Hz), 7.22 (1H, dd, J = 6.8, 6.8 Hz), 7.13 (1H, dd, J = 7.6 Hz), 6.65 
(2H, d, J = 17.6, 10.4 Hz), 5.76 (1H, br s), 5.35 (2H, d, J = 11.2 Hz), 5.19 (2H, s), 5.09 
(2H, br s), 4.98 (2H, d, J = 16.8 Hz), 4.17 (2H, q, J = 7.2 Hz), 3.85 (1H, br s), 3.69 (1H, 
br s), 3.52-3.45 (2H, m), 3.43-3.30 (2H, m), 3.13 (2H, br s), 1.63-1.41 (9H, m), 1.19 (3H, 
t, J = 7.2 Hz), 0.96-0.88 (2H, m), 0.00 (9H, s). 
 
 
tert-butyl allyl(2-(1-((2-(trimethylsilyl)ethoxy)methyl)-2-vinyl-1H-indol-3-yl)ethyl)-
carbamate (5.110): In an N2-filled dry box, a 75-mL sealed tube reaction vessel 
containing a magnetic stir bar was charged with Pd(PPh3)4 (373 mg, 0.322 mmol), CuCl 
                                                            
(58) The product also contains a byproduct resulting from i-Bu addition to the allylic phosphate, which was 
not separated by chromatography.  The data reported are only for the desired 5.97. 
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(1.60 g, 16.1 mmol), and LiCl (500. mg, 11.7 mmol).  The reaction vessel was sealed 
with a septum and brought to a fume hood.  A solution of stannane 5.101 (2.32 g, 3.22 
mmol) in DMSO (18 mL) was heated to ca. 100 °C57 and transferred to the reaction 
vessel by cannula; the vial containing the stannane was rinsed with DMSO (4 mL), which 
was similarly transferred.  The mixture was then allowed to cool to 0 °C (ice bath) and 
freshly distilled vinyl bromide (ca. 10 mL) was added by cannula.  The septum was 
quickly exchanged for a teflon-coated screw cap.  The mixture was heated to 60 °C and 
allowed to stir for 20 h.  At that time, the mixture was allowed to cool to 22 °C and was 
poured into CH2Cl2 (30 mL); 10% aqueous NH4OH (50 mL) was added and the mixture 
allowed to stir for 30 min.  The layers were then separated and the aqueous layer washed 
with CH2Cl2 (2 x 50 mL).  The combined organic layers were washed with 10% aqueous 
NH4OH (50 mL), H2O (200 mL), and saturated aqueous NaCl (200 mL); they were then 
dried over MgSO4, filtered, and concentrated.  The resulting orange oil was purified by 
silica gel chromatography to afford vinyl indole 5.110 (917 mg, 2.01 mmol, 62.4% yield) 
as a viscous yellow oil.  The compound was characterized as an inseparable mixture of 
rotamers.  1H NMR (400 MHz, CDCl3): δ 7.59 (1H, br s), 7.41 (1H, d, J = 8.4 Hz), 7.23 
(1H, dd, J = 7.2, 7.2 Hz), 7.13 (1H, dd, J = 7.2, 7.2 Hz), 6.84 (1H, dd, J = 18.0, 11.6 Hz), 
5.89-5.65 (2H, m), 5.61 (1H, d, J = 11.6 Hz), 5.48 (2H, s), 5.21-4.94 (2H, m), 3.88 (1H, 
br s), 3.66 (1H, br s), 3.55 (2H, t, J = 7.6 Hz), 3.40 (2H, br s), 3.06 (2H, br s), 1.49 (9H, 
s), 0.90 (2H, t, J = 7.6 Hz), -0.06 (9H, s). 
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tert-butyl allyl(2-(2-(2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)ethyl)-1-((2-
(trimethylsilyl)ethoxy)methyl)-1H-indol-3-yl)ethyl)carbamate (5.109): In an N2-filled 
dry box, a 25-mL round-bottom flask containing a magnetic stir bar was charged with the 
NHC-CuCl complex (16.2 mg, 40.0 μmol) and sodium tert-butoxide (3.9 mg, 40. μmol).  
A 4-mL vial was charged with bis(pinacolato)diboron (535 mg, 2.11 mmol).  The vial 
was sealed with semi-permeable cap and the flask with a septum; both were brought to a 
fume hood.  Toluene (5 mL) was added to the vial containing the Cu complex and the 
mixture was allowed to stir for 5 min.  Toluene (1 mL) was added to the 
bis(pinacolato)diboron and the resulting solution was transferred to the Cu catalyst by 
cannula; the vial containing the bis(pinacolato)diboron was rinsed with toluene (1 mL), 
which was similarly transferred.  The mixture became instantaneously brown and was 
allowed to stir for 10 min.  A solution of vinyl indole 5.110 (917 mg, 2.01 mmol) in 
toluene (2 mL) was then added by cannula; the flask containing 5.110 was rinsed with 
toluene (1 mL), which was similarly transferred.  MeOH (160 μL, 4.02 mmol) was added 
and the mixture allowed to stir for 3 h.  The mixture was then passed through a plug of 
silica gel on top of Celite®, eluting with Et2O.  The mixture was then concentrated.  The 
resulting cloudy light yellow oil was purified by silica gel chromatography (4:1 
hexanes:Et2O) to deliver boronate 5.109 (907 mg, 1.55 mmol, 77.1% yield) as a viscous 
light yellow oil, which solidified upon standing in the freezer to a white solid.  X-ray 
quality crystals were obtained by slow evaporation of hexanes at 22 °C.  The compound 
was characterized as an inseparable mixture of rotamers.  M.p. = 65-68 °C;  IR (neat): 
2977 (m), 2954 (m), 2897 (w), 1695 (s), 1465 (s), 1408 (s), 1390 (s), 1367 (s), 1324 (s), 
1249 (s), 1217 (s), 1169 (s), 1145 (s), 1093 (m), 1072 (m), 922 (w), 859 (m), 837 (m), 
741 (m) cm-1; 1H NMR (400 MHz, CDCl3): δ 7.51 (1H, br s), 7.37 (1H, d, J = 8.4 Hz), 
7.15 (1H, dd, J = 6.8, 6.8 Hz), 7.08 (1H, dd, J = 7.6, 7.6 Hz), 5.90-5.63 (1H, m), 5.46 
(2H, s), 5.23-4.94 (2H, m), 3.89 (1H, br s), 3.64 (1H, br s), 3.48 (2H, t, J = 8.0 Hz), 3.34 
(2H, br s), 2.94 (2H, br s), 2.89 (2H, t, J = 8.4 Hz), 1.51 (9H, s), 1.23 (12H, s), 1.11 (2H, 
t, J = 8.4 Hz), 0.88 (2H, t, J = 8.0 Hz), -0.07 (9H, s); 13C NMR (100 MHz, CDCl3): δ 
155.6, 139.8, 137.1, 134.6, 128.5, 121.3, 119.7, 118.1, 116.9, 109.4, 109.3, 83.6, 83.4, 
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79.6, 72.3, 66.0, 65.6, 50.0, 47.5, 28.7, 25.2, 25.0, 23.8, 18.6, 18.0, 15.4, 13.0, -1.29; 
HRMS (ESI+) [M+H]+ calcd for C32H53BN2O5Si: 584.3817, found: 584.3812. 
 
Crystal structure data for boronate 5.109: 
 
  Table 1.  Crystal data and structure refinement for C32H53BN2O5Si. 
Identification code  C32H53BN2O5Si 
Empirical formula  C32 H53 B N2 O5 Si 
Formula weight  584.66 
Temperature  143(2) K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  P2(1)/c 
Unit cell dimensions a = 12.3045(9) Å α= 90°. 
 b = 18.5513(13) Å β= 91.921(4)°. 
 c = 15.0053(11) Å γ = 90°. 
Volume 3423.3(4) Å3 
Z 4 
Density (calculated) 1.134 Mg/m3 
Absorption coefficient 0.107 mm-1 
F(000) 1272 
Crystal size 0.50 x 0.10 x 0.05 mm3 
Theta range for data collection 1.66 to 27.00°. 
Index ranges -15<=h<=15, -23<=k<=23, -19<=l<=19 
Reflections collected 64034 
Independent reflections 7486 [R(int) = 0.0743] 
Completeness to theta = 27.00° 100.0 %  
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Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.9946 and 0.9482 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 7486 / 0 / 370 
Goodness-of-fit on F2 1.009 
Final R indices [I>2sigma(I)] R1 = 0.0468, wR2 = 0.0950 
R indices (all data) R1 = 0.0925, wR2 = 0.1126 
Extinction coefficient na 
Largest diff. peak and hole 0.238 and -0.241 e.Å-3 
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 Table 2.  Atomic coordinates  ( x 104) and equivalent  isotropic displacement parameters (Å2x 103) 
for C32H53BN2O5Si.  U(eq) is defined as one third of  the trace of the orthogonalized Uij tensor. 
________________________________________________________________________________  
 x y z U(eq) 
________________________________________________________________________________   
Si(1) 12876(1) 2000(1) 3779(1) 37(1) 
B(1) 8725(2) 2699(1) -13(1) 28(1) 
O(1) 11497(1) 1555(1) 1294(1) 35(1) 
O(2) 8041(1) 3261(1) 169(1) 31(1) 
O(3) 9185(1) 2764(1) -825(1) 34(1) 
O(4) 3878(1) -3(1) 1502(1) 35(1) 
O(5) 5411(1) -394(1) 2247(1) 34(1) 
N(1) 10312(1) 547(1) 1033(1) 25(1) 
N(2) 5529(1) 512(1) 1289(1) 28(1) 
C(1) 12917(2) 2905(1) 4311(2) 55(1) 
C(2) 14284(2) 1659(1) 3639(2) 56(1) 
C(3) 12122(2) 1366(2) 4485(2) 75(1) 
C(4) 12167(2) 2095(1) 2660(1) 34(1) 
C(5) 12021(2) 1404(1) 2148(1) 32(1) 
C(6) 11282(2) 925(1) 784(1) 33(1) 
C(7) 9257(1) 683(1) 696(1) 25(1) 
C(8) 8568(1) 176(1) 1021(1) 24(1) 
C(9) 9202(1) -290(1) 1598(1) 24(1) 
C(10) 8958(2) -881(1) 2136(1) 34(1) 
C(11) 9786(2) -1216(1) 2623(2) 42(1) 
C(12) 10861(2) -978(1) 2578(1) 40(1) 
C(13) 11129(2) -399(1) 2060(1) 31(1) 
C(14) 10288(1) -52(1) 1580(1) 25(1) 
C(15) 9005(2) 1318(1) 114(1) 31(1) 
C(16) 8948(2) 2042(1) 617(1) 32(1) 
C(17) 8179(2) 3800(1) -535(1) 29(1) 
C(18) 8594(2) 3334(1) -1306(1) 28(1) 
C(19) 9012(2) 4340(1) -173(1) 42(1) 
C(20) 7106(2) 4176(1) -736(2) 45(1) 
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C(21) 9348(2) 3713(1) -1923(1) 38(1) 
C(22) 7687(2) 2957(1) -1838(1) 43(1) 
C(23) 7366(1) 110(1) 825(1) 28(1) 
C(24) 6706(1) 539(1) 1481(1) 26(1) 
C(25) 5096(2) 994(1) 588(1) 32(1) 
C(26) 5278(2) 1763(1) 829(1) 37(1) 
C(27) 5892(2) 2204(1) 392(2) 46(1) 
C(28) 4852(2) 35(1) 1667(1) 28(1) 
C(29) 4843(2) -913(1) 2805(1) 33(1) 
C(30) 4095(2) -525(1) 3421(1) 47(1) 
C(31) 4242(2) -1466(1) 2233(2) 45(1) 
C(32) 5788(2) -1256(1) 3327(2) 51(1) 
________________________________________________________________________________ 
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 Table 3.   Bond lengths [Å] and angles [°] for  C32H53BN2O5Si. 
_____________________________________________________  
Si(1)-C(3)  1.852(3) 
Si(1)-C(1)  1.858(2) 
Si(1)-C(2)  1.863(2) 
Si(1)-C(4)  1.873(2) 
B(1)-O(3)  1.366(2) 
B(1)-O(2)  1.374(3) 
B(1)-C(16)  1.561(3) 
O(1)-C(6)  1.417(2) 
O(1)-C(5)  1.443(2) 
O(2)-C(17)  1.468(2) 
O(3)-C(18)  1.461(2) 
O(4)-C(28)  1.217(2) 
O(5)-C(28)  1.350(2) 
O(5)-C(29)  1.468(2) 
N(1)-C(14)  1.382(2) 
N(1)-C(7)  1.400(2) 
N(1)-C(6)  1.444(2) 
N(2)-C(28)  1.353(2) 
N(2)-C(25)  1.467(2) 
N(2)-C(24)  1.468(2) 
C(4)-C(5)  1.502(3) 
C(7)-C(8)  1.367(2) 
C(7)-C(15)  1.493(2) 
C(8)-C(9)  1.435(2) 
C(8)-C(23)  1.504(2) 
C(9)-C(10)  1.399(3) 
C(9)-C(14)  1.408(2) 
C(10)-C(11)  1.382(3) 
C(11)-C(12)  1.397(3) 
C(12)-C(13)  1.373(3) 
C(13)-C(14)  1.398(3) 
C(15)-C(16)  1.542(3) 
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C(17)-C(20)  1.515(3) 
C(17)-C(19)  1.520(3) 
C(17)-C(18)  1.544(3) 
C(18)-C(21)  1.508(3) 
C(18)-C(22)  1.520(3) 
C(23)-C(24)  1.522(2) 
C(25)-C(26)  1.487(3) 
C(26)-C(27)  1.305(3) 
C(29)-C(30)  1.509(3) 
C(29)-C(31)  1.515(3) 
C(29)-C(32)  1.519(3) 
 
C(3)-Si(1)-C(1) 109.54(14) 
C(3)-Si(1)-C(2) 109.53(13) 
C(1)-Si(1)-C(2) 110.07(11) 
C(3)-Si(1)-C(4) 110.18(10) 
C(1)-Si(1)-C(4) 107.77(10) 
C(2)-Si(1)-C(4) 109.73(11) 
O(3)-B(1)-O(2) 112.66(17) 
O(3)-B(1)-C(16) 122.63(18) 
O(2)-B(1)-C(16) 124.70(18) 
C(6)-O(1)-C(5) 112.91(14) 
B(1)-O(2)-C(17) 106.72(14) 
B(1)-O(3)-C(18) 106.83(15) 
C(28)-O(5)-C(29) 120.79(14) 
C(14)-N(1)-C(7) 108.77(14) 
C(14)-N(1)-C(6) 125.26(15) 
C(7)-N(1)-C(6) 125.72(16) 
C(28)-N(2)-C(25) 119.05(15) 
C(28)-N(2)-C(24) 123.87(15) 
C(25)-N(2)-C(24) 116.87(15) 
C(5)-C(4)-Si(1) 115.00(14) 
O(1)-C(5)-C(4) 109.39(15) 
O(1)-C(6)-N(1) 113.68(15) 
Chapter 5 
Page 556 
C(8)-C(7)-N(1) 108.96(15) 
C(8)-C(7)-C(15) 129.32(17) 
N(1)-C(7)-C(15) 121.65(16) 
C(7)-C(8)-C(9) 107.40(15) 
C(7)-C(8)-C(23) 127.12(16) 
C(9)-C(8)-C(23) 125.48(16) 
C(10)-C(9)-C(14) 118.64(17) 
C(10)-C(9)-C(8) 134.13(17) 
C(14)-C(9)-C(8) 107.23(15) 
C(11)-C(10)-C(9) 119.22(18) 
C(10)-C(11)-C(12) 120.98(19) 
C(13)-C(12)-C(11) 121.33(18) 
C(12)-C(13)-C(14) 117.67(18) 
N(1)-C(14)-C(13) 130.25(17) 
N(1)-C(14)-C(9) 107.61(15) 
C(13)-C(14)-C(9) 122.13(17) 
C(7)-C(15)-C(16) 114.37(15) 
C(15)-C(16)-B(1) 113.12(15) 
O(2)-C(17)-C(20) 109.63(15) 
O(2)-C(17)-C(19) 106.49(15) 
C(20)-C(17)-C(19) 109.87(17) 
O(2)-C(17)-C(18) 101.92(14) 
C(20)-C(17)-C(18) 114.60(16) 
C(19)-C(17)-C(18) 113.69(16) 
O(3)-C(18)-C(21) 109.54(15) 
O(3)-C(18)-C(22) 105.73(15) 
C(21)-C(18)-C(22) 110.41(16) 
O(3)-C(18)-C(17) 101.97(14) 
C(21)-C(18)-C(17) 115.04(16) 
C(22)-C(18)-C(17) 113.35(17) 
C(8)-C(23)-C(24) 111.97(15) 
N(2)-C(24)-C(23) 113.50(14) 
N(2)-C(25)-C(26) 111.29(16) 
C(27)-C(26)-C(25) 124.4(2) 
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O(4)-C(28)-O(5) 125.07(17) 
O(4)-C(28)-N(2) 124.57(17) 
O(5)-C(28)-N(2) 110.36(15) 
O(5)-C(29)-C(30) 110.42(16) 
O(5)-C(29)-C(31) 110.69(16) 
C(30)-C(29)-C(31) 111.94(18) 
O(5)-C(29)-C(32) 101.41(15) 
C(30)-C(29)-C(32) 110.88(18) 
C(31)-C(29)-C(32) 111.03(18) 
_____________________________________________________________  
Symmetry transformations used to generate equivalent atoms:  
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 Table 4.   Anisotropic displacement parameters  (Å2x 103) for C32H53BN2O5Si.  The anisotropic 
displacement factor exponent takes the form:  -2π2[ h2 a*2U11 + ...  + 2 h k a* b* U12 ] 
______________________________________________________________________________  
 U11 U22  U33 U23 U13 U12 
______________________________________________________________________________  
Si(1) 29(1)  36(1) 45(1)  -5(1) -9(1)  -1(1) 
B(1) 34(1)  28(1) 23(1)  -1(1) -3(1)  -5(1) 
O(1) 41(1)  31(1) 33(1)  -2(1) -4(1)  -11(1) 
O(2) 40(1)  26(1) 27(1)  4(1) 5(1)  -2(1) 
O(3) 45(1)  29(1) 28(1)  6(1) 3(1)  9(1) 
O(4) 19(1)  43(1) 42(1)  5(1) -2(1)  1(1) 
O(5) 26(1)  33(1) 42(1)  12(1) -3(1)  0(1) 
N(1) 25(1)  24(1) 26(1)  -3(1) 2(1)  -4(1) 
N(2) 22(1)  30(1) 31(1)  4(1) -4(1)  0(1) 
C(1) 49(1)  61(2) 55(2)  -24(1) -12(1)  10(1) 
C(2) 39(1)  45(1) 82(2)  -18(1) -13(1)  5(1) 
C(3) 61(2)  104(2) 58(2)  27(2) -22(1)  -30(2) 
C(4) 35(1)  27(1) 39(1)  -2(1) -4(1)  -5(1) 
C(5) 26(1)  33(1) 35(1)  -4(1) -1(1)  -3(1) 
C(6) 34(1)  36(1) 29(1)  -6(1) 5(1)  -13(1) 
C(7) 29(1)  24(1) 20(1)  -5(1) -1(1)  1(1) 
C(8) 25(1)  23(1) 23(1)  -3(1) -2(1)  0(1) 
C(9) 25(1)  22(1) 26(1)  -4(1) -1(1)  -2(1) 
C(10) 34(1)  29(1) 39(1)  3(1) -4(1)  -8(1) 
C(11) 51(1)  29(1) 46(1)  11(1) -12(1)  -6(1) 
C(12) 43(1)  28(1) 49(1)  0(1) -18(1)  6(1) 
C(13) 26(1)  28(1) 39(1)  -8(1) -6(1)  2(1) 
C(14) 26(1)  22(1) 26(1)  -6(1) 0(1)  -1(1) 
C(15) 43(1)  28(1) 24(1)  1(1) -2(1)  -3(1) 
C(16) 44(1)  27(1) 25(1)  1(1) -2(1)  -1(1) 
C(17) 32(1)  25(1) 30(1)  6(1) 2(1)  -2(1) 
C(18) 32(1)  26(1) 26(1)  6(1) -1(1)  0(1) 
C(19) 53(1)  28(1) 44(1)  0(1) 0(1)  -7(1) 
C(20) 41(1)  48(1) 45(1)  12(1) 8(1)  11(1) 
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C(21) 36(1)  43(1) 34(1)  9(1) 6(1)  2(1) 
C(22) 55(1)  42(1) 31(1)  6(1) -7(1)  -13(1) 
C(23) 27(1)  26(1) 31(1)  -2(1) -5(1)  -1(1) 
C(24) 23(1)  28(1) 26(1)  1(1) -4(1)  -3(1) 
C(25) 29(1)  33(1) 34(1)  5(1) -5(1)  1(1) 
C(26) 39(1)  33(1) 39(1)  4(1) 3(1)  8(1) 
C(27) 44(1)  37(1) 57(2)  9(1) -2(1)  2(1) 
C(28) 28(1)  28(1) 27(1)  -4(1) 0(1)  4(1) 
C(29) 34(1)  30(1) 36(1)  7(1) 2(1)  -4(1) 
C(30) 57(2)  46(1) 38(1)  0(1) 9(1)  0(1) 
C(31) 54(1)  32(1) 50(1)  -1(1) 0(1)  -9(1) 
C(32) 48(1)  43(1) 60(2)  21(1) -7(1)  -2(1) 
______________________________________________________________________________ 
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 Table 5.   Hydrogen coordinates ( x 104) and isotropic  displacement parameters (Å2x 10 3) 
for C32H53BN2O5Si. 
________________________________________________________________________________  
 x  y  z  U(eq) 
________________________________________________________________________________  
  
H(1A) 13322 3238 3940 83 
H(1B) 13278 2869 4902 83 
H(1C) 12174 3083 4372 83 
H(2A) 14682 1995 3266 84 
H(2B) 14254 1184 3353 84 
H(2C) 14656 1618 4225 84 
H(3A) 12502 1319 5066 112 
H(3B) 12080 894 4194 112 
H(3C) 11386 1551 4567 112 
H(4A) 11442 2311 2745 41 
H(4B) 12586 2435 2297 41 
H(5A) 12738 1177 2061 38 
H(5B) 11572 1065 2487 38 
H(6A) 11911 594 854 40 
H(6B) 11209 1059 147 40 
H(10A) 8231 -1049 2166 41 
H(11A) 9623 -1614 2993 51 
H(12A) 11417 -1223 2912 48 
H(13A) 11860 -239 2030 38 
H(15A) 8300 1235 -206 38 
H(15B) 9569 1355 -339 38 
H(16A) 9645 2120 953 39 
H(16B) 8365 2014 1054 39 
H(19A) 8698 4616 312 62 
H(19B) 9215 4668 -651 62 
H(19C) 9659 4082 54 62 
H(20A) 6902 4460 -217 67 
H(20B) 6542 3816 -872 67 
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H(20C) 7180 4497 -1250 67 
H(21A) 9568 3379 -2389 57 
H(21B) 9994 3881 -1583 57 
H(21C) 8973 4127 -2197 57 
H(22A) 8000 2670 -2314 64 
H(22B) 7190 3317 -2099 64 
H(22C) 7287 2639 -1442 64 
H(23A) 7153 -404 853 34 
H(23B) 7197 285 213 34 
H(24A) 6857 350 2090 31 
H(24B) 6946 1048 1472 31 
H(25A) 4307 906 495 39 
H(25B) 5454 888 22 39 
H(26A) 4924 1946 1335 44 
H(27A) 6258 2039 -117 55 
H(27B) 5973 2690 582 55 
H(30A) 4514 -176 3782 70 
H(30B) 3755 -875 3814 70 
H(30C) 3529 -272 3068 70 
H(31A) 3638 -1232 1904 68 
H(31B) 3958 -1846 2615 68 
H(31C) 4741 -1678 1811 68 
H(32A) 6160 -889 3694 76 
H(32B) 6300 -1464 2911 76 
H(32C) 5514 -1637 3712 76 
________________________________________________________________________________ 
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 Table 6.  Torsion angles [°] for C32H53BN2O5Si. 
________________________________________________________________  
O(3)-B(1)-O(2)-C(17) -8.5(2) 
C(16)-B(1)-O(2)-C(17) 172.73(17) 
O(2)-B(1)-O(3)-C(18) -12.6(2) 
C(16)-B(1)-O(3)-C(18) 166.19(17) 
C(3)-Si(1)-C(4)-C(5) -58.21(19) 
C(1)-Si(1)-C(4)-C(5) -177.68(15) 
C(2)-Si(1)-C(4)-C(5) 62.47(18) 
C(6)-O(1)-C(5)-C(4) -177.19(16) 
Si(1)-C(4)-C(5)-O(1) -178.34(12) 
C(5)-O(1)-C(6)-N(1) 81.1(2) 
C(14)-N(1)-C(6)-O(1) -99.1(2) 
C(7)-N(1)-C(6)-O(1) 87.4(2) 
C(14)-N(1)-C(7)-C(8) -0.16(19) 
C(6)-N(1)-C(7)-C(8) 174.23(16) 
C(14)-N(1)-C(7)-C(15) 177.11(15) 
C(6)-N(1)-C(7)-C(15) -8.5(3) 
N(1)-C(7)-C(8)-C(9) 1.1(2) 
C(15)-C(7)-C(8)-C(9) -175.91(17) 
N(1)-C(7)-C(8)-C(23) -179.28(16) 
C(15)-C(7)-C(8)-C(23) 3.7(3) 
C(7)-C(8)-C(9)-C(10) 177.5(2) 
C(23)-C(8)-C(9)-C(10) -2.1(3) 
C(7)-C(8)-C(9)-C(14) -1.6(2) 
C(23)-C(8)-C(9)-C(14) 178.76(16) 
C(14)-C(9)-C(10)-C(11) -0.8(3) 
C(8)-C(9)-C(10)-C(11) -179.8(2) 
C(9)-C(10)-C(11)-C(12) -0.6(3) 
C(10)-C(11)-C(12)-C(13) 0.9(3) 
C(11)-C(12)-C(13)-C(14) 0.2(3) 
C(7)-N(1)-C(14)-C(13) 179.44(18) 
C(6)-N(1)-C(14)-C(13) 5.0(3) 
C(7)-N(1)-C(14)-C(9) -0.85(19) 
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C(6)-N(1)-C(14)-C(9) -175.27(16) 
C(12)-C(13)-C(14)-N(1) 178.03(18) 
C(12)-C(13)-C(14)-C(9) -1.6(3) 
C(10)-C(9)-C(14)-N(1) -177.77(16) 
C(8)-C(9)-C(14)-N(1) 1.50(19) 
C(10)-C(9)-C(14)-C(13) 2.0(3) 
C(8)-C(9)-C(14)-C(13) -178.77(16) 
C(8)-C(7)-C(15)-C(16) 100.1(2) 
N(1)-C(7)-C(15)-C(16) -76.5(2) 
C(7)-C(15)-C(16)-B(1) 177.97(17) 
O(3)-B(1)-C(16)-C(15) -39.4(3) 
O(2)-B(1)-C(16)-C(15) 139.27(19) 
B(1)-O(2)-C(17)-C(20) 146.17(17) 
B(1)-O(2)-C(17)-C(19) -95.01(18) 
B(1)-O(2)-C(17)-C(18) 24.37(18) 
B(1)-O(3)-C(18)-C(21) 149.13(16) 
B(1)-O(3)-C(18)-C(22) -91.90(18) 
B(1)-O(3)-C(18)-C(17) 26.82(18) 
O(2)-C(17)-C(18)-O(3) -30.69(16) 
C(20)-C(17)-C(18)-O(3) -149.00(16) 
C(19)-C(17)-C(18)-O(3) 83.47(18) 
O(2)-C(17)-C(18)-C(21) -149.14(15) 
C(20)-C(17)-C(18)-C(21) 92.5(2) 
C(19)-C(17)-C(18)-C(21) -35.0(2) 
O(2)-C(17)-C(18)-C(22) 82.47(17) 
C(20)-C(17)-C(18)-C(22) -35.8(2) 
C(19)-C(17)-C(18)-C(22) -163.37(16) 
C(7)-C(8)-C(23)-C(24) -89.7(2) 
C(9)-C(8)-C(23)-C(24) 89.9(2) 
C(28)-N(2)-C(24)-C(23) 94.3(2) 
C(25)-N(2)-C(24)-C(23) -80.4(2) 
C(8)-C(23)-C(24)-N(2) 177.63(15) 
C(28)-N(2)-C(25)-C(26) 122.62(18) 
C(24)-N(2)-C(25)-C(26) -62.4(2) 
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N(2)-C(25)-C(26)-C(27) 115.8(2) 
C(29)-O(5)-C(28)-O(4) -6.1(3) 
C(29)-O(5)-C(28)-N(2) 174.32(15) 
C(25)-N(2)-C(28)-O(4) -4.0(3) 
C(24)-N(2)-C(28)-O(4) -178.61(17) 
C(25)-N(2)-C(28)-O(5) 175.58(15) 
C(24)-N(2)-C(28)-O(5) 1.0(2) 
C(28)-O(5)-C(29)-C(30) -62.4(2) 
C(28)-O(5)-C(29)-C(31) 62.2(2) 
C(28)-O(5)-C(29)-C(32) -179.97(17) 
________________________________________________________________  
Symmetry transformations used to generate equivalent atoms:  
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XIa R = t-Bu
XIb R = CHPh2 (THF adduct)
Ar = 2,4,6-i-Pr3C6H2
VIIIa R = i-Pr R' = Ph
VIIIb R = Me R' = Ph
VIIIc R = Cl R' = Me (THF adduct)
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Appendix B Enantiomerically Pure Catalysts for Olefin Metathesis
XVIa L = Cl
XVIb L = I  
 
